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Preliminary Results of the National Bureau of Standards 
Radio and Ionospheric Observations During the Inter- 
national Geophysical Year 


David M. Gates 


(March 2, 1959) 


A review is given of the activities of the National Bureau of Standards during the 


International Geophysical Year. 


preliminary results of the observations are given. 


The equipment used on each project is described and 


The following areas of research are 


discussed: (1) World Warning Agency, (2) Ionospheric Vertical Sounding Stations, (3) VHF 
Propagation, (4) VHF Equatorial Forward Scatter, (5) Radio Noise Network, (6) Radio 
Satellite Observations, (7) Airglow Observations, and (8) World Data Center for Airglow 


and Ionosphere. 


1. Introduction 


The International Geophysical Year program was 
the greatest single international collaborative re- 
search effort ever devised by man to probe the prop- 
erties of the planet earth from the depths of the 
oceans to the domain of interplanetary space. As a 
part of this program, the scientists of the Central 
Radio Propagation Laboratory, of the National 
Bureau of Standards in Boulder, Colorado, under- 
took a vast expansion of their radio research efforts 
in order to contribute to this international program 
and to take advantage of the many different si- 
multaneous measurements being made throughout 
the world. Although most of the efforts were of a 
worldwide synoptic character, it was important that 
certain selected specialized experiments be carried 
out to coincide with the overall effort. The NBS 
experimental program, during the IGY, ranged from 
the large synoptic network of ionospheric vertical 
soundings stations to selected experiments con- 
cerned with equatorial forward scatter, sporadic-£, 
radio noise, night airglow and observations on satel- 
lite signals. This article is a brief summary of some 
of these projects at NBS and a preliminary report 
concerning some of the results available at this 
time. 

Since the IGY was selected to coincide with a 
period of maximum activity in the solar atmosphere, 
it was essential that a close watch on the sun be 
maintained throughout this period. The solar pa- 
tro's consisted of visual, optical, photographic, photo- 
meiric, and radio observations of the sun throughout 
every minute of the IGY period. The IGY World 
Werning Agency headed by R. C. Moore at the 
NI'S station at Fort Belvoir, Virginia, was desig- 
nai-d to process and filter these data, to maintain 
aronning account of the “state of the sun’’, and to 
ale: the scientists of the world to periods of unusual 
sol: r activity. At times, during those Alerts, Special 
Wo ld Intervals were declared thereby accelerating 
sci itific observations throughout the world. Dur- 
ing ‘he entire IGY period 21 Special World Intervals 





(SWI’s) totaling 45 days were declared. During 
16 of these SWI’s 18 geomagnetic disturbances 
occurred; two of the disturbances being followed by 
second storms. Only four SWI’s totaling 7 days 
were not followed by disturbances and one interval 
of 1-day duration was initiated after the storm had 
started. Approximately two-thirds of the severe 
geomagnetic disturbances were predicted and one- 
third were missed. However, previous to the IGY 
it was thought that if two major storms were fore- 
cast during the entire IGY period this would repre- 
sent adequate success. 


2. IGY Ionospheric Vertical Sounding 
Observations by NBS 


During the International Geophysical Year a large 
network of vertical incidence ionospheric sounding 
stations (about 150) was placed in operation 
throughout the world. Since the vertical incidence 
pulse technique is one of the most reliable methods 
for obtaining a measure of the electron density and 
the electron density profile of the ionosphere, it was 
important to establish stations of this nature at as 
many strategic locations as possible. Prior to the 
IGY the National Bureau of Standards operated 
20 stations throughout the world, while during the 
IGY they operated directly or cooperated with other 
agencies in the operation of 34 stations. Table 1 
lists these stations, gives the geographic and geo- 
magnetic coordinates, the angle of magnetic dip, 
and lists the equipment used at each station. All 
stations were on a 15-min basic-sounding schedule. 
Much of the reduction of the data was done at the 
stations, but all data sent to Boulder on a monthly 
or bimonthly basis was reviewed in order to assure 
smooth and consistent operation of the program. 
Engineering teams were periodically sent to the 
stations in order to install any modification of the 
equipment and to assist where needed. The ver- 
tical incidence program at the National Bureau of 
Standards has been under the direction of A. H. 
Shapley, R. W. Knecht, and H. G. Sellery. 





TaBLE 1. Vertical sounding stations operated as part of the NBS observational program during the IGY 


















































Geographic Geomagnetic 
Equip- coordinates coordinates Di Time 
Station ment angle used Operated by 
lat. long. lat. long. 
Adak, Alaska.._.......- eR N51 54 | W176 39 | N47.3 E240.0 64 180W | Signal Corps. 
Anchorage, Alaska-_.-_- ides sets ...| C-3 N61 14 | W149 53 N60. 9 E258. 1 7 150W | NBS. 
nm nmnisincine ..| C-2 N16 25 | E120 36} N5i.1 E189. 3 18 120E | Manila Observatory 
Barrow, Alaska_--.-_-____- : ee N71 08 | W156 48 | N68.4 E241, 2 81 150W | NBS. 
Bogota, Colombia---_--_-- gas .----| C-4 N4 32} W7415/| N15.9 E354. 5 32 75W | Geophys. Inst. Colombian Andes. 
Byrd, Antarctica... .---..-..-- ..| C-3 S80 W120 870 36 | E336 01 —75 120W | NBS. 
Cape Hallett, Antarctica___- pe ialianaleds Saleen 872 25 | E170 55 874.6 E279. 0 —84 165E | New Zealand. 
ee eee C-3 S86 48 | W79 49 N4.4 E349. 2 10 75W | Geophys. Inst. Huancayo. 
CE Eee Ee S9 04 | W78 35 N2. 2 E350. 4 6 75W | Geophys. Inst. Huancayo. 
Cemsapsion, bile. ..........-...............| O-# S36 35 | W72 59 $25.3 E356. 5 —35 75W | Univ. of Concepcion. 
Ellsworth, Antarctica... ----~-- cava C-4 S77 43 | W41 08 S66 56 E14 42 —68 45W | NBS. 
nt. Daven, Va....-..... : Eire ae | N38 44 | W77 08 N50. 1 E350. 1 71 75W | NBS. 
OE SS eee C-4 N40 23 | W7408| N65l.7 E353. 9 71.5 75W | Signal Corps. 
Fairbanks, Alaska.._._.__- a eaeiaes N64 51 | W147 50 | N64.7 E256. 5 77 150W | Univ. of Alaska. 
Godhavn, Greenland ...-_.__.......--.---.--| C-3 | N69 16 | W453 30} N79.9 E32. 5 81 45W | Danish URSI Comm. 
Grand Bahama Is., B.W.I___................| C-4 N26 40 | W78 22| N37.9 E349. 3 59 |; 75W | Signal Corps. 
CN eee Ce $12 03 | W75 20 80.6 E353. 8 2 75W | Geophys. Inst. Huancayo. 
ee. ccomemacnsaecencn C-2 N85 W100 (Drifting) 88 75W | Signal Corps. 
La Paz, Bolivia___- canoe initial ee S16 29 | W68 03 $5.0 E0.9 —5 60W | University of San Andres. . 
Little America, Ant__-_.___- nae ee S78 16 | W162 28 S74 08 | E312 04 —80. 5 165W | NBS. FIGURE 
lose- 
Maui, T.H...-....- See. N20 50 | W156 30 | N20.8 | E2681 38 150W | NBS. close 
"CS eee Fe $5 20} W3507| N42 | E33.9 —2 30W | Brazilian Navy. sount 
Narsarssuak, Greenland -.---_---.--..--.- ..| C-3 N61 11 | W45 25] N71.2 E37. 6 77 «| 45W | Danish URSI Comm. 5 Me 
Okinawa, Ryu Kyu I..._.-..-.-..-....-...._| C-3 N26 19 | E127 47 N15. 5 E195. 7 37 SO] 135E | Signal Corps. of Be 
Panama Canal Zone. -........................| C-3 N9 23 | W79 53 N20.6 E348. 5 39 75W | NBS. DaPF« 
| | 
Puerto Rico- ----.-- ae aiee eens Po | N18 30 | W67 12} N30.0 | E2.0 51 60W | NBS. July 195 
Reykjavik, Iceland_----...---- Sees | | N64 08 | W2l 47 | N70.2 | E69.8 74 15W | Iceland Post & Telegraph. HU = Hus 
San Francisco, Calif-_- ¥: | C-3 N37 26 | W12210 | N43.7 | E298.4 62 | 120W | Stanford University. 
South Pole Station... ..............- --| C-3 S90 | | $78 30 0 -—75 | 0 NBS. 
St. Johns, Newfoundland-----.........._--- | C-3 N47 37 W52 42 | N58.5 E21.4 | 72.5 | 60W | Signal Corps. the ger 
TN nn ee S438 | W81 18 N6.6 | E347.7 13 | 75W | Geophys. Inst. Huancayo. (3, 4] 
RC ee C-4 N76 33 | W68 50 | N88 03 | El 08 86 CO! 75W | Signal Corps. equato 
Wune Sands, N. Mex.......................| C-3 N32 24 | W106 52 N41. 2 E316. 4 60 =} 105W | Signal Corps. | 
0 SS Eee C-4 S66 25 | E110 27 | 877.9 E178. 8 —8l 105E NBS. the ea 
| | | | ! 
—— ——— § geomas 
reporte 
2.1. Equatorial Close-Spaced Chain electron density at fixed heights is shown for the 24-§ the equ 
hr period at Huancayo. These curves are typical the rig: 


Interesting results have come from the ionospheric | of the other four stations as well. The sharp in-§ pendict 
soundings from the equatorial close-spaced chain of | crease at sunrise in the electron density should be§ tance b 
stations in South America [1]."_ These stations were | noted as well as the fact that the intermediate levels§ Alth« 
located at Talara, Chiclayo, Chimbote, Huancayo, | attain a maximum electron density earlier than the§ throug! 
and La Paz. Their geographic and geomagnetic | higher levels. In addition, the lower levels exhibit § would « 
coordinates are given in table 1. The hourly | a Chapman-like behavior, i.e., electron density§ hours i 
ionograms for 15 October 1957 were reduced to true | proportional to the square root of the cosine of the establis 
height profiles of electron density using the Budden | sun’s zenith angle. Particularly notable is the which ; 
matrix method [2]. In figure 1 the variation of | abrupt rise in height of the electron density at sun-§ hold tri 
era ; set, an effect considerably larger than expected fromf torial s 

Figures in brackets indicate the literature references at the end of this paper. : . : : 

straight recombination alone. early as 

Equatorial sporadic Z, which occurs during mos'f late af 
daylight hours throughout the year at stations nearf bet weer 
2 the equator, appears on the ionogram as a diffuse hypothe 
weaning trace often extending 20 km or more in height andj to Apri 
seldom blanketing the / region echoes. The extent§ (eq uino: 
of the equatorial sporadic / can readily be ascer§ day run 





18 +4400 x 10* 


250 x 10° 
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dias tained from figure 2 which shows the percentage were co. 
25 xz occurrence as a function of the magnetic dip of the§ as show 

5 station. Eleven months of data (July 1957 through] ev lent 
mare May 1958) were averaged to obtain the percentages§ cu’ ves y 
45 x 10" for Talara, Chiclayo, Chimbote, and Huancayof in he m 


however, only one month of data was available fof da a for 

cdaieal * re itl 1 h his for {i str ong 
La Paz. From the curve it is clear that this forin of str ng a 

sporadic His a very distinctive equatorial phenom >naf av ilable 


and that it occurs with a frequency greater thay 3if M: tsush 
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Kbitiita4 i titi tt ot tt tt 
= percent only within a belt spread about 5.5 tf mi day 
either side of the geomagnetic equator and _hasf ele tric | 
dropped to a frequency of only 5 percent by 8° from sp: radic 





Figure 1. Electron density at fixed heights for huancayo. 
October 15, 1957. 














NUMBER 


20 40 60 80 100 120 140 160 
T 




















+ areas Sac cies eae sama | 
TA 
+600 
x CY 
cT- 
a 
e +300 
Oo 
= GEO. MAG. EQ. _ E 
Ww HU x 
= 
Es 0 
= 
LP-+300 
“BE 
== ae | | | 1 it it | 1 
20 40 60 80 100 
PERCENT 
FicurE 2. Percentage occurrence of Es-q along the equatorial 





close-spaced chain, 06-—(— , and total number of hourly 
soundings showing prominent blanketing by Es, z.e. fhbEs > 
5 Me ( ), July 1957 through May 1968. 
T es Talara, CY- Chiclayo, CT-Chimbote Hu-Huancayo, LP- 
DaPi 


July 1957 through May 1958. TA 
HU = Huancayo, and LP=LaPaz. 





=Talara, CY=Chiclayo, CT=Chimbote’ 


the geomagnetic equator. Although earlier workers 
(3, 4] had suggested a somewhat wider belt for 
equatorial sporadic EF, recent IGY experiments on 
the earth’s magnetic field in the vicinity of the 
geomagnetic equator by S. E. Forbush, as recently 
reported by H. Odishaw [5], give a similar width to 
the equatorial electrojet. Note that the scale along 
the right-hand vertical axis represents distance per- 
pendicular to the contours of equal dip and not dis- 
tance between stations. 

Although the equatorial sporadic EF persisted 
throughout most days of the year, occasionally it 
would disappear suddenly for periods of minutes to 
hours in the early afternoon. Matsushita [6] has 
established a definite lunar dependence for this effect, 
which suggested that a similar relationship might 
hold true for the time of first appearance for equa- 
torial sporadic /, since these times varied from as 
early as 0600 and as late as 1000. In contrast, the 
late afternoon disappearance occurred regularly 
between 1730 and 1830. In order to test this 
hypothesis the data for Huancayo from May 1957 
to April 1958 were divided into the three seasons 
(equinox and June and December solstice). Three 
da, running means of the times of first appearance 
were computed and plotted against the lunar phase 
as shown in figure 3. A lunar correlation is clearly 
evident in the equinoctial and December-solstice 
curves with equatorial sporadic E appearing earlier 
in he morning on days of new and full moon. The 
da a for the June solstice do not suggest quite as 
str ng a lunar control, however, as more data become 

ilable the scatter of the points may be reduced. 
M tsushita had explained the lunar effect for the 
mi day disappearance in terms of ionospheric 
ele trie currents. He assumed that the equatorial 
spradic H was caused by the vertical drifting of 
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FiGure 3. 


electrons in the eastward-flowing electric current 
and that the lunar tides induce a westward-flowing 
counter-current which reduces the strength of the 
sporadic FE. Pursuing these arguments further 
Knecht [7] of the Central Radio Propagation Labora- 
tory points out that during the new and full moon 
the lunar-induced current adds an easterly flow to 
the already established solar induced easterly during 
the early morning hours, whereas during the first 
and third quarter the lunar tide counteracts the 
easterly solar current thus retarding the appearance 
of the sporadic # in the morning. It would appeat 
from these observations that Matsushita’s hypo- 
thesis concerning the electron-current systems has 
been further verified. 


2.2. Electron Density Profiles along the 75° W 
Meridian 

A true height electron density analysis has been 
made for the “following stations located near the 75° 
W meridian: Chimbote and Talara, Bogota, Panama, 
Puerto Rico, Grand Bahama Island, and Fort 
Monmouth, New Jersey. The Budden matrix 
method was used with the assistance of the IBM 
650 computer to reduce the ionogram data. Another 
computer program was used to interpolate the 
values of electron density at fixed heights, compute 
the height of the maximum and integrate the electron 
density up to hmax. This research was carried out at 
NBS by J. W. Wright and G. H. Stonehocker. 

The hourly ionograms from the seven stations 
were reduced to give true heights of reflection at 
frequency intervals of 0.2 Me from 1.8 Me to foF: 
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A sample of the results, after interpolation, is shown 
in figure 4 for 0000, 1200, 1800, and 2200 universal 
time (u.t.). Here contours of fy, the plasma fre- 
quency, are shown on a height versus latitude plot. 
Similar plots have been made for every 2 hr through- 
out the 24-hr period, but these suffice to illustrate 
the phenomena. Several of the usual ionospheric 
features show up in these diagrams, but the new and 
interesting feature concerns the increase in electron 
density over Bogota during the late evening hours 
and the bulge in the ionosphere which developes over 
the equator. It is possible that this bulge may be 
the result of some form of tidal action but at the 
moment it is not fully understood. 


2.3. Vertical Incidence Soundings from Antarctica 


For the first time during the IGY there was estab- 
lished on the Antarctic continent a sizeable network 
of ionospheric vertical incidence stations [8]. Of a 
total of approximately a dozen, the following five 
were operated by the U.S.: Pole, Byrd, Little 
America, Ellsworth, and Wilkes. The data reported 
here represent the first from high-latitude southern 
stations and the first ever obtained at either the 
North or South Pole. Prior to making these observa- 
tions there was considerable question concerning the 
state of the ionosphere above the pole, whether the 
ionosphere could exist throughout the 6-month period 
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Ficure 5. 








of darkness, whether diurnal variations existed in the 
polar winter ionosphere, and what the nature of the 
foF2 variations over the Antarctic continent were like. 
The present data, representing the period June 1957 
to May 1958, definitely supply the answers to some 
of these questions. Further data through January 
1959 are now available but only the analysis of the 
earlier data will be presented here. 

In figure 5 are shown, for five of the antarctic 
stations, the monthly median values of fi) plotted 
against time of day for each hour. For the Wilkes 
and Ellsworth stations, the normal temperate lati- 
tude behavior is seen with the diurnal variation 
reaching a maximum around midday. For the 
Little America and Byrd bases the maximum is 
reached during the evening hours and for the Pole 
there appears to be a weak diurnal variation with 
the maximum occurring in the early morning hours. 
It is curious indeed that the ionosphere over the 
pole in July has minimum f,)/; values which are 
greater than those over any other station. This is 
particularly surprising since throughout July the 
atmosphere above the pole is not illuminated below 
an altitude of about 450 km. The summertime 
(December) fof; values exhibit relatively little 
diurnal variation as expected. 

Typical winter and summer ionograms taken at 
the Pole station are shown in figure 6. The winter- 
time-spread echo shown here is typical of magnet- 
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The monthly median f,F2 for five antarctic stations. 
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ically-undisturbed winter days. These soundings 
show that there is considerable ionization present as 
low as 250 km while the sun’s rays do not strike below 
450 km for July. Note also the appearance of the 
“night £” on the 2020 ionogram. The summer- 
time ionograms shown on the right are typical of 
this season at the Pole. Particularly noteworthy 
is the constancy throughout the day of the critical 
frequency for F, Fi, and F. 

A more detailed picture of the monthly median 
values of fo¥; for each hour of the day for the period 
June 1957 through May 1958 is shown in figure 7. 
The winter months (June, July, August) have the 
lowest fo) values and appear to have a 24-hr wave, 
Whereas the equinox and summer values are higher 
and exhibit a 12-hr variation. A harmonic analysis 
of the monthly median values of fo, for these data 
is shown in figure 8 for the 24-, 12-, 8- and 6-hr com- 
ponents. The 24-hr component shows the winter 
velues occurring at 0600 u.t. to be 90° out of phase 
with the summer values at approximately 0000 u.t. 
Magnetic noon (the time when the sun is in the 
meridian plane containing the geomagnetic pole and 
th» geographic pole) occurs at 0500 u.t. thus sug- 
geting that the F-layer density in the darkened part 
terds to reach a maximum during those hours when 
th: auroral zone has the maximum amount of sun- 
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Typical winter and summer ionograms taken at the South Geographic Pole. 


light for that time of the year. The 12-hr wave 
appears at 0400 and 1600 u.t. and the 8-hr wave at 
0730, 1530, and 2330 u.t. The 6-hr wave appears 
indefinite. 
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Ficure 7. Monthly median f,F»2 for the South Pole Station. 
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June 1957 through May 1958. 


Although the analysis is still in progress it would 
appear that a significant diurnal variation occurs 
in the f.F, and fF during the polar summer. The 
principal wave seems to have a 24-hr period showing 
a maximum at 2200 for fF; and atj1300 for fol. 
Even more striking though is the summertime, 
daylight behavior of foF:, fo, and fp monthly 
mean values for the Pole station’? when™ plotted 
against Ziirich sunspot number as shown in figure 9. 
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FicurE 9. Means of the monthly medians for summer months 
at the Pole Station as a function of the monthly Ztirich 
sunspot numbers. 





It would appear from these results that over the 
Pole the F; region of the ionosphere becomes weaker, 
the # region strengthens, and the F, region is rela- 
tively insensitive to increased solar activity. This 
occurs at the time of the year when the polar iono- 
sphere is completely and continuously illuminated. 
By comparison, it is well known that at stations 
throughout the world, the critical frequency for 
each region of the ionosphere increases with increas- 
ing sunspot number, since the increased solar 
activity produces an increase in ionizing radiation, 
Certainly it can be said that the data from the Pole 
station is unique in many respects. It raises several 
questions which unfortunately may not be answered 
until a much more detailed analysis is carried out. 
In certain instances further data will need to be 
obtained from the Pole station and careful com- 
parison made with data from other Antarctic 
stations. Fortunately, the scientific observational 
program. is continuing, although at a reduced level, 
in the Antarctica during 1959. Ionospheric sound- 
ings are being made at the Pole Station and at Byrd 
Base and it would be hoped that these measurements 
could be continued through the next minimum. of 
solar activity, if not indefinitely. 


3. VHF Propagation Comparison Between 
Far Eastern and American Circuits 


From VHF transmissions over circuits in the Far 
East there had been evidence of more enhancements 
due to sporadic-# propagation than is observed in 
comparable latitudes in the rest of the world [3]. 
At times the signals were some 20 db or more higher 
than over circuits in the United States. Usually 
propagation at VHF frequencies takes place by 
scatter from the lower ionosphere and occasionally 
by sporadic-L enhancement. Because of the im- 
portance of sporadic FE to communications and 
because of the great difficulty scientists have had 
in understanding the mechanisms creating sporadic 
Fin the ionosphere it was particularly important to 
obtain detailed observations concerning this phe- 
nomenon in the Far East during the IGY. For this 
reason Dr. E. K. Smith, the project director, located 
one circuit in the Far East and a comparison circuit 
in the western hemisphere, each being a 2-kw narrow- 
band CW system operating over approximately an 
800-mile path at 50 Me. 

The Far Eastern circuit extended between the 
Voice of America relay stations at San Fernando 
(Poro Point), La Union, Luzon, Philippine Islands 
and Onna, Okinawa, on 49.84 Me. An additional 
transmitter located at Okuma, Okinawa, produced 
49.68-Mce signals which were received by the Japanese 
Radio Research Laboratories at Hiraiso and Yonzgo, 
Japan. In the western hemisphere a similar circult 
was set up on 49.76 Me between the CRPL field 
station at Margarita, Panama Canal Zone, and the 
U.S. Naval Base at Guantanamo Bay, Cuba. Late 
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in the IGY an additional circuit was installed between 
the Canal Zone and Guayaquil, Ecuador, in cooper- 
aiion with the Equatorial Scatter program. There 
was also in existence the circuit between Havana, 
Illinois and Boulder, Colo., operating at frequencies 
of 30.010, 49.605, and 73.88 Me. This latter 
circuit has been a good comparison circuit for the 
others. All stations had 5-element Yagi antennas. 

The first test measurements were obtained during 
September 1957 on both the Panama to Guantanamo 
circuit and the Poro Point to Onna circuit and both 
circuits became officially operative on 1 October 
1957. The Havana, Illinois to Boulder, Colorado 
circuit became operative by November 1957. Es- 
sentially two experiments were performed during 
the IGY period; the regular sporadic-E type of 
observations and a special pulsed F-layer scatter 
experiment, 

The expected fact that sporadic F is more intense 


in the Far East than in the Americas has been 
borne out. From the statistics gathered during 


the year sporadic / of moderate intensity would 
appear to be approximately 2 to 3 times as frequent 
between the Philippines and Okinawa as between 
Panama and Cuba or Panama and Ecuador. 

As the observations progressed it was realized 
that the considerable enhancements taking place 
during evening hours might be due to scatter from 
the F region. At 50 Me the signal often rose 30 
to 40 db above the normal scatter signal level. 
During the IGY period the signal enhancement at 
49.84 Me showed an autumnal high with inter- 
mittent enhancement during the remainder of the 
vear and a minimum during the vernel equinox. 
During the year, May 1956 to May 1957, over a 
circuit between the Philippines and Okinawa at 
36.4 Me, the evening anomaly showed a maximum 
during each equinoctial period. In order to verify 
the F-region origin for these anomalous signals a 
series of pulse measurements, giving range-time 
records, were carried out over the Philippines to 
Okinawa path during September 1958. Careful 
independent time standards were used to control 
the pulse repetition rate at the transmitting terminal 
and the oscilloscope sweep rate at the receiving 
terminal. The pulses were of 50-ysec duration, at 
a repetition rate 100/sec, with a peak power of about 
2 kw. When received, the pulses were spread over 
nearly a millisecond. The F-region scattered signals 
\cre readily distinguished from the normal E-region 
eclio and showed a delay time relative to the E- 
rezion signal between 40 and 1200 usec. Seldom 
were sporadic-/ signals between Panama and Cuba 
as strong as those in the Far East, despite the fact 
that in the Caribbean area the circuits spanned 
livalent geomagnetic and geographic latitudes to 
those in the Far East. 

\ more detailed report of this Far Eastern VHF 
aiomaly has been published [9]. These authors 
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cc iclude that these anomalous signals are associated 
Ww ‘h low-latitude spread F as often recorded by 
lo .osphere sounders and may indicate the presence 
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! field-alined blobs of ionization in the F' region. 





4. VHF Equatorial Forward Scatter Experi- 
ments 


Heretofore, experiments in VHF _ ionospheric 
forward scatter have been primarily conducted in 
north temperate latitudes and in the auroral zone, 
and not in the vicinity of the magnetic equator, 
where the ionosphere behaves differently and in a 
manner little understood. In this region are ex- 
hibited such phenomena as equatorial sporadic £, 
equatorial spread F’, and a strong daytime current- 
system girdling the earth at the 100-km_ level, 
known as the “equatorial electrojet”. Amateur 
radio communications spanning the magnetic equator 
(e.g., between Buenos Aires and Mexico City) have 
been sustained on the 6-m band (near 50 Me) 
during evening hours of equinoctial periods at times 
of sunspot maximum, suggesting unusual iono- 
spheric conditions in the equatorial gone. 

To provide a systematic study of ionospheric 
irregularities and other effects which might support 
ionospheric propagation at 50 Mc across the magnetic 
equator, an IGY experiment was set up in South 
America with circuits as illustrated in figures 10 
and 11. A basic E-seatter circuit was installed 
between Arequipa and Trujillo, Peru, while the 
long-distance circuit between Antofagasta, Chile 
and Guayaquil, Ecuador was operated to observe 
scattering associated with effects in the lower F 
region. These circuits centered on the magnetic 
equator at Huancayo, recorded over a 1-yr period 
so as to enable the study of seasonal and diurnal 
variations as well as more rapid changes in the equa- 
torial ionosphere. R. Cohen and K. L. Bowles, 
project leaders, have reported earlier {10], in some 
detail, the circuit arrangement and the objectivesof 
the experiment, as well as some results of early 
data analysis [11]. The core of this experiment, the 
transmitting and receiving stations cited, was com- 
prised of four field laboratory trailers, while the 
equipment installed at the cooperating laboratories 
in Huancayo, Clorinda, Argentina, and Sao Paulo, 
Brazil was housed in existing facilities. The west- 
coast observations began in November 1957, while 
the transcontinental ones were underway in April 
1958, and all operations continued until 1 December 
1958. The basic equipment for the forward scatter 
experiments consists of large rhombic antennas, 
high-powered (3 kw or 20 kw_ interchangeable) 
transmitters, and sensitive narrow-band receivers. 
The transmitting stations at Antofagasta, Chile 
(49.960 Me), and Arequipa, Peru (49.920 Mc) and 
the receiving stations at Huancayo, Peru, Trujillo, 
Peru, and Guayaquil, Ecuador, employed 1000-ft 
rhombic antennas directed along the several great- 
circle paths. One transmitting station, Huancayo, 
Peru (49.880 Mc), and the two receiving stations at 
Clorinda, Argentina, and Sao Paulo, Brazil utilized 
stacked pairs of 5-element Yagi antennas. The 
Huancayo installation also had a small low-powered 
100-w transmitter feeding a Yagi antenna directed 
toward Guayaquil. This circuit is intended for 
detection of the sporadic EL between Huancayo 











Map of South America showing the location of the 
equatorial forward scatter stations. 
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and Guayaquil. By using 100-cps bandwidth IF 
filters in the Guayaquil receiver, it proved possible 
there to record signals from Huancayo nearly 100 
percent of the time, in spite of the low power. All 
receivers used a 12-sec integration in the automatic- 
gain-control circuit as a means of reducing the 
extreme variations on the chart due to normal 
fading. The quantity recorded was the AGC volt- 
age, which is a good statistical estimator of the 
running median value of received signal power. 

Two east-west circuits were installed along the 20° 
isocline, to receive signals from Antofagasta at 
Clorinda, Argentina via the £ region and at Sao 
Paulo, Brazil via the F region. These circuits were 
installed to compare equatorial east-west propaga- 
tion, insofar as possible, with the north-south 
propagation, as well as to check on the southern 
range of latitude over which equatorial effects are 
encountered. The presence of transmitters and 
receivers appropriately spaced permitted the recep- 
tion of signals at Huancayo from Antofagasta, at 
Trujillo from Antofagasta, at Guayaquil from 
Arequipa in addition to the basic circuits previously 
mentioned and the Huancayo-Guayaquil circuit. 
Thus there are three symmetrical E-scatter paths, 
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Cross section of the equatorial forward scatter 
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as well as two asymmetrical paths, which permit the 
simultaneous observation of -region effects at 
various latitudes. JIonospheric effects in this exten- 
sive region near the magnetic equator are particularly 
sensitive to latitude. Further details concerning the 
same ionospheric regions are provided by the records 
from the close-spaced chain of ionospheric sounders 
along the west coast of South America. 

A preliminary comparison of the records obtained 
over the six circuits along the west coast of South 
America shows a number of interesting results; how- 
ever, the complete picture will only be understood 
after a thorough analysis has been made. Over the 
two paths, Antofagasta to Guayquil and Arequipa 
to Trujillo, the short-term daytime variations in the 
signal intensity appear to correlate very closely. 
Indeed, over all six circuits, the daytime signal traces 
appear to correlate reasonably well while nighttime 
correlations are poor. Comparisons with the ver- 
tical incidence soundings at Huancayo suggest that 
these daytime signals result from scattering by equa- 
torial sporadic #. A close correlation exists, during 
certain periods studied, between the signal over the 
Arequipa to Trujillo path and the HZ component of 
the Huancayo magnetogram. This is particularly 
the case when the signal correlation over all six 
paths is good. Since the H component has been 
interpreted as a measure of the equatorial electrojet, 
a close relationship is now indicated between VIIF 
signals and the electrojet, and perhaps also between 
equatorial sporadic EF and the electrojet. The 
Antofagasta to Huancayo and the Huancayo to 
Guayaquil records both show sporadic EF signals 
similar to those over circuits in middle latituces, 
while the curious aspect is that the circuit from 
Arequipa to Trujillo almost never exhibits this form 
of sporadic F propagation. 

Often during the evening and nighttime hours on 
the Antofagasta to Guayaquil path (but not on he 
Antofagasta to Trujillo path) there is observec a 
strong signal increase which appears to correl :te 
well with the occurrence of spread F' on the verti al 
incidence sounder at Huancayo. While it had b: en 
expected that F-region scatter might take place o er 
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tais long-path circuit much of the time, this is evi- 
dence that it can occur at night. 

The cooperation and participation of the IGY 
committees of Argentina, Brazil, Chile, Ecuador, and 
Peru was an indispensible part of this experiment, 
and the assistance by the government of these 
countries was greatly appreciated. 


5. IGY Radio Noise Network 


Radio noise is the basic limitation to radio recep- 
tion, and in particular, the background of radio noise 
originating from natural causes in the atmosphere 
is often a severe restriction to good radio communica- 
tion. Therefore, a detailed knowledge concerning 
the distribution of noise levels throughout the world 
and an understanding of the noise characteristics is 
fundamental to the advancement of communication 
techniques. For this reason, during the IGY, a 
worldwide network of stations recording radio noise 
levels was put into operation by NBS under the 
supervision of W. Q. Crichlow, R. T. Disney, and 
C. A. Samson. 

In any radio noise measurements the following 
three parameters are useful: (1) The mean power, 
(2) the mean envelope voltage, and (3) the mean 
logarithm of the envelope voltage. The mean power 
averaged over several minutes is the basic parameter, 
and is expressed as an effective antenna-noise figure, 
defined as the noise power available from an equiv- 
alent lossless antenna in decibels above the thermal- 
noise power available from a passive resistance. 
Measurements of these parameters were made with 
the NBS radio-noise recorder, Model ARN-2, which 
has an effective bandwidth of 150 to 300 cps and 
uses a 21.75-ft vertical antenna and elevated ground- 
plane system. There are eight channels used be- 
tween 13 ke and 20 Me, two channels being recorded 
simultaneously. A 15-min recording is made on 
each frequency each hour, and is taken as representa- 
tive of the noise condition throughout the hour. In 
addition to measurements made with the ARN-2 in 
the worldwide network instantaneous amplitude prob- 
ability distributions were obtained at Boulder, Colo. 
These distributions provide information concerning 
the detailed character of the noise from which its 
interference properties can be determined. 

Preliminary results would indicate that the world- 
wide predictions as presented by the CCIR report 
No. 65 are too simplified. The behavior of radio 
noise, as a function of the frequency, time of day 
aid season, differs widely from location to location. 
Specific local conditions need to be well understood 
i) order to make accurate predictions. 

As a few examples of this one can point out the 
f ‘lowing. Afternoon noise levels in areas of high 
kal thunderstorm activity may be 20 to 30 db 
h sher than indicated by the predictions. Boulder, 
C slorado is a good example of this, since it is located 
n ar one of the most active thunderstorm regions in 
» United States—the front range of the Rocky 
ountains. On certain days the variation may be 
a much as 70 db, on some frequencies. In contrast, 
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at Kekaha in the Territory of Hawaii, the minimum 
noise levels for the low frequencies ‘tend to occur 
near sunset instead of a few hours after sunrise as 
at most stations. As a result, the 160-ke afternoon 
noise levels appear to be 20 to 30 db lower than 
predicted at this location. The nighttime noise 
levels at Boulder are often lower than predicted 
while at Kekaha they agree rather well with the 
predictions. 

The data recorded during the IGY at the stations 
listed in table 2 have been published in IGY data 
booklets and quarterly summaries have been issued 
as NBS reports giving trends and tentative con- 
clusions. 


TABLE 2. Radio noise stations 








Geographic 
coordinates 


Stations 


| 
| Latitude | Longitude 
9.0°N | 79.5°W 


Balboa, C.Z_- 





Bill, Wyo. rR Wis ita in ne Gataetae.a ese 43.2 N 105.2 W 
Boulder, Colo.. 40.1 N 105.1 W 
Byrd Station, Antarctica- SSSR ee oe See ae 80.08 | 120.0 W 
Cook, Australia__- --- Ls San pa saa mata ais ae 30.6S | 130.4 E 
Enképing, SSG iene ne oie ES 59.5N] 17.3 E 
Front Royal, Va------ eee ee eee ee 38.8N | 78.2W 
Ibadan, Nigeria__- Cae ai daieel naan ashes aaah 3.9 E 
deowane; ound, TO oy. eens eaten 22.0 N | 159.7 W 
Ohira, Japan-.-__- SEE SPE one tone 35.6 N | 140.4 E 
Pretoria, U. of 8.-Africa_........._......-...- 2.8 S| 2.3 E 
Rabat, Morocco... 33.9N| 68W 
Siio Jose dos Campos, Brazil. 23.3 S| 45.83W 
Singapore, Malaya-. 13N] 103.8 E 
pies ClreeIManile a. 35088 ooh ne ees 76.6 N 68.7 W 





6. Radio Satellite Observations at NBS 


Within 12 hr of receiving the announcement on 
4 October 1957 concerning the launching of Sputnik 
I, two groups at the Central Radio “Propagation 
Laboratory, under the direction of R. S. Kirby, 
J. M. Watts, and R. S. Lawrence, had modified 
certain existing pieces of equipment to receive the 
20- and 40-Mce signals from the first artificial earth 
satellite. Soon thereafter, a third group, under the 
direction of J. W. Herbstreit and M. C. Thompson, 
Jr.[12] made measurements using a continuous phase- 
difference measuring technique developed earlier for 
studying atmospheric turbulence in the troposphere. 
The instrumentation consisted of two similar Hamer- 
lund SP-600 receivers operating on 20 (or 40) Me. 
Continuously recording phase meters were used 
which compared the af tones from the two receivers. 
At first, half-wave dipoles were used, but later 
circularly polarized antennas were employed. Two 
effects were contained in the records: regular geo- 
metrical changes such as those related to the orbit 
and irregular changes presumably related to iono- 
spheric turbulence and refraction. The group under 
R. C. Kirby and J. M. Watts used dipole antennas 
to measure the field intensity on 20 and 40 Mc from 
which it was estimated that the total power emitted 
by Sputnik I was of the order of 1 w. This value 
was later confirmed by the Soviet scientists. The 
group under the direction of R. S. Lawrence and 
EK. R. Schiffmacher modified the receivers in the 
40-ft dishes used for the radio star scintillation 
measurements in order to receive the 40-Mce satellite 








signal. The two dishes are separated by a spacing 
of 1,500 ft. Within a few hours, dipole antennas 
were set up at twice the spacing of the dishes in 
order to receive the 20-Me signal on an electrically 
equivalent baseline. The phase-switching and de- 
tecting equipment, that had previously been used 
for the Jupiter project, was put in operation here. 
Measurements were made of the direction of arrival 
of the 20 and 40 Me signals. Simple ionospheric 
theory suggests that simultaneous measurements of 
refraction, at 20 and 40 Mc, should be in the ratio 
of 4to1. If this were correct, simultaneous measure- 
ments on the two frequencies could be used to deduce 
the true satellite direction. Observations have 
shown, that in fact, the irregular structure of the 
ionosphere invalidates this procedure. 

Following the initial “crash” pregram more perma- 
nent interferometer arrangements were made at 
Table mesa near Boulder. Pairs of half-wave di- 
poles, with horizontal east-west polarization at one 
third wave length above the ground, were set up at 
the corners of equilateral triangles of 3,000-ft and 
150-ft spacing. Observations were made at both 20 
and 40 Mc. In addition circularly polarized an- 
tennas were installed. The output can be recorded 
on magnetic tape or on two 6-channel Sandborn re- 
corders. The equipment is fully automatic and can 
be set for automatically coming on during the passage 
of a satellite beacon transmitter at these frequencies. 
Two Yagi antennas on a frequency of 108 Mc have 
also been installed and a vertically polarized antenna 
for 20 Mc. The satellite ionospheric measurements 
program at the National Bureau of Standards is now 
under the direction of C. G. Little. With this ar- 
rangement of antennas measurements of angle of 
arrival, Faraday rotation, polarization, scintillation, 
diversity effects, and Doppler frequency changes 
have been made. : 

Inspection of the Faraday fading records of the 20 
Mc signals made during the first 4 months of satellite 
1958 6 show the following systematic variations in 
the fading rate: (a) The fading rate is slowest when 
the satellite is in the north and greatest when it is in 
the south; (b) the greater height of the satellite dur- 
ing the north-to-south passes, and hence the longer 
ionospheric paths of the radio signals, accounts for 
the greater fading rates during these passes than 
during the south-to-north passes; (c) nighttime 
passes are characterized by a fading rate that is much 
slower than for daylight passes at the same height. 
When the fading rate was compared with the square 
of the F-layer critical frequency, taken from the 
Boulder ionograms, it shows that the daily variations 
in fading rate are largely due to the daily variations 
in the ionization content of the ionosphere. Many 
of the Faraday-rotation rates, rather than varying 
smoothly throughout a single passage of the satellite, 
vary irregularly and indicate the existence of iono- 
spheric irregularities. In some instances these ir- 
regularities are of the order of 100 km in lateral 
extent. Calculations, using the 20 Mc signal from 
1958 6-2, show that the observed irregularities in the 
Faraday rotation rate can be accounted for if the 
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integrated electron content, along the line of sight, 
per square centimeter column, varies irregularity with 
variations of the order of 10° during a 1-km change 
(horizontal) in satellite position. From a determina- 
tion of the number of complete rotations of the plane 
of polarization of the radio signal, the total electron 
content, up to the height of the satellite, can be cal- 
culated. For a pass of satellite 1958 6-2, at a height 
of about 236 km, low in the F region, the integrated 
electron content in a vertical column was estimated 
as 2.710" electrons/em? column. 

In conjunction with the satellite observations a 
computer program is being set up for tracing the 
paths of the rays between the satellite and the re- 
ceiver. The ordinary and extraordinary rays are 
traced separately through the ionosphere and the 
difference in their phase paths gives the instantaneous 
orientation of their polarization vector. Actual iono- 
spheric profiles from ionograms are used up to the 
F-region peak, but various assumed profiles are tried 
for the upper ionosphere. The ray-tracing program 
is coupled to a program which gives successive posi- 
tions of the satellite along an elliptical orbit. The 
combination of these two programs gives a complete 
picture of the Doppler frequency, the Faraday rota- 
tion, and the angle of arrival of the satellite signal. 
A comparison between the direction of arrival and 
line of sight. to the satellite gives a measure of the 
angular errors introduced by the ionosphere. 


7. Airglow Observations 


The atoms and molecules of the earth’s upper 
atmosphere continuously radiate a flux of light and 
radiation. During the daylight hours this flux is 
swamped by a much stronger energy flux from the 
sun, but at night the airglow emitted from the high 
atmosphere can be easily detected by sensitive photom- 
eters and on occasion it can be seen by the human 
eye. Closely related to the airglow emission, and 
perhaps a part of the same phenomenon, is the well 
known and often observed aurora associated with 
high-latitude belts on the earth. Because of its wide 
distribution and constant occurrence, it was logical 
that a worldwide study of the airglow be undertaken 
as a part of the IGY synoptic program. F. E. 
Roach has directed the NBS airglow program involv- 
ing observation stations at Fritz Peak, Colorado and 
Rapid City, South Dakota. In addition, the group 
constructed photometers for College, Alaska, Huan- 
cayo, Peru, and Sidney, Australia. The photometer 
itself is of a hybrid design combining the Lyot bire- 
fringent filter principle, as adapted by J. Blamont 
and A. Kastler [13] and used by R. B. Dunn and 
E. Manring [14] with the telescope system designed 
by F. E. Ross. The telescope has a 6-in. objective, 
a focal length of 13 in., and a 4-degree field of view. 
A series of color filters permit the selection of one of 
the following emissions characteristic of the night 
airglow: OI (S,'D,.) at 5577 A, OI ((D.-*P,) at 6310 
A, and Nal (?7P3p—Si pp, 2P, p—*Si 2) at 5890 and 5896 A. 
In addition there are many strong bands of emissicn 
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i the infrared from the OH molecule. The photom- 
eter is programmed to sweep the sky in successive 
aimucanturs at angles of 80°, 75°, 70°, 60°, 40°, and 
the zenith. The photometer sweeps the entire sky 
in 4 min at each wavelength and returns once each 
15-min interval to repeat the wavelength sequence. 
The data are recorded on a strip chart recorder and 
transferred to punch cards for processing on the 
IBM 650. 

In addition to the photometer described above, a 
simple photometer of the Roach-Elvey type was in- 
stalled at Thule, Greenland in October 1958 for 
special observations at the magnetic pole. There 
was also installed an all-sky camera and a patrol 
spectrograph at Fritz Peak and at Rapid City. 

A number of notable results have come from this 
IGY airglow program at the Central Radio Propa- 
gation Laboratory. Since a number of publications 
have appeared describing these results they will only 
be referred to here and not described in detail. 

An analysis of the nightglow observations at 5577- 
A shows the emission to come from a height of approxi- 
mately 100 km [15]. Direct measurements of the 
altitude of the night airglow obtained from rockets 
[16] show the maximum of the 5577-A layer to be 
near 98 km. Systematic isophote airglow maps of 
the night sky throughout many nights have been 
prepared and a careful analysis of these maps made. 
This analysis shows the sky to contain discrete air- 
glow cells of 5577-A emission, having a characteristic 
diameter of 2500 km and moving with translational 
speeds of about 100 m/sec. These airglow cells ap- 
pear to exhibit a rotational period of about 5 hr. 

In order to investigate the possibility that the 
5577-A night airglow, present over the earth as a 
whole, may be closely related to the aurora, which 
is prevalant in high-latitude regions, the CRPL inves- 
tigators have made a statistical analysis concerning 
the frequency of occurrence of these phenomena [17, 
18]. Although this type of statistical treatment is 
open to some question it may give a clue as to 
whether or not these two phenomena, the airglow 
and the aurora, have a common origin. 


8. World Data Center A—Subcenter for 
Airglow and Ionosphere 


Located in the Boulder Laboratories of the Na- 
tional Bureau of Standards is the United States IGY, 
World Data Center A, Subcenter for Airglow and 
Ionosphere Data. The Data Center is under the 
supervision of W. B. Chadwick and S. M. Ostrow. 
To this subcenter, all airglow and ionospheric sta- 
tions in the western hemisphere and Australia and 
New Zealand send their data for copying and filing. 
I, this manner, a central file of the results of the IGY 
o»servations will be made available for research and 
s'udy for many years to come. It was the respon- 
sibility of this subcenter during the IGY to send or 
airange to be sent copies of the data to World Data 
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Centers B, C1, and C2 located in the USSR, England, 
and Japan respectively. These centers in return 
send data from the laboratories in their area of re- 
sponsibility to Boulder. This subcenter, in addi- 
tion to maintaining files of the data, prepares 
catalogues and indexes of the data, makes copies of 
the data available to scientists, organizations, and 
others requiring its use, and maintains at the Data 
Center office space where visiting research workers 
can come for study. 

Although not all stations supply the same amount 
of data to the Data Center, the following items were 
contained in the recommendations of the First 
Report of the Special Committee on Worldwide 
Soundings: 

1. Hourly values of 


foFs, h’ F>, (M3000) Fo, fof, h’F, (M3000) F;, fF, h’E, 


F-min, fos, fos, h’ Es, and other types of Fs. 

2. All median values of foF2, (M3000) 2, and fpHs 
and other median values. 

3. All stations were to produce f plots for Regular 
World Days, Special World Intervals, and any other 
occasions on which quarter-hourly or more frequent 
observations are scaled. High-latitude stations and 
a number of other key stations were to supply f 
plots for every day. 

4. Ionograms at least for the Regular World Days 
and Special World Intervals. 

In addition, other special types of data will even- 
tually be on file in the Data Center, such as whistler 
data, radio-noise data, equatorial forward-scatter 
data, and data from other unique experiments. For 
the airglow studies zenith-intensity digital data for 
several stations, for the oxygen emissions at 5577 A 
and 6300 A, sodium at 5893 A, and the near infrared 
OH emission, is coming into the Data Center. The 
stations included in the American chain are Thule, 
Saskatoon, Rapid City, Fritz Peak in Colorado, 
Sacramento Peak in New Mexico, Tantazantla and 
Huancayo, Peru. 

A steady flow of data has been coming in to the 
Data Center during the latter part of the IGY and 
it will be more than a year after the close of the IGY 
period before most of the data is in. The Data 
Center has received sizable amounts of data from 
the other World Data Centers. In addition to the 
IGY data, the Data Center has available in Boulder 
an extensive archive of data covering many years of 
records from stations throughout the world. 

Workers desiring data may obtain it for the cost 
of reproduction from the World Data Center A, 
Subcenter for Airglow and Ionosphere, Central 
Radio Propagation Laboratory, National Bureau of 
Standards, Boulder, Colorado. 


The author wishes to express his appreciation to 
the project leaders and others for their assistance in 
the preparation of this article. 
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Origin of [OI] 5577 in the Airglow and the Aurora 


Franklin E. Roach, James W. McCaulley, and Edward Marovich 


(January 30, 1959) 


The distribution of 5577 zenith intensities at stations in the subauroral zone is found 
to be unimodal with no discontinuity at the visual threshold. This is interpreted as evi- 
dence that 5577 airglow and 5577 aurora may |} 


1. Introduction 


It is customary to refer to [OI] 5577 as airglow if 
it is invisible and as aurora if it is visible. Thus, 
the physiological visual threshold (at approximately 
1,000 rayleighs'! for extended objects) has been 
assumed to have a physical significance in the upper 
atmosphere with different mechanisms operative 
above and below the threshold. The purpose of 
this paper is to inquire into the existence of a 
physical criterion to distinguish between 5577 


deeded 


airglow and 5577 aurora.? 
2. Analysis of St. Amand and Ashburn 


One approach to the problem has been offered by 
St. Amand and Ashburn.* They suggest that a 
study of the statistical distribution of absolute 5577 
intensities at a given location may yield information 
as to a common or separate origin for airglow and 
aurora. If there is a common origin, it might be 
expected that the distribution of intensities would 
be unimodal with a continuous gradation from the 
invisible (airglow) to the visible (aurora). If, on 
the other hand, the origins are separate and dis- 
tinct, one would expect a discontinuity * of some 
kind in the distribution curve, the most likely 
being a bimodal distribution.® In figure 1, sche- 
matic representations of the two possibilities are 
shown. The two sketches on the left indicate a 
schematic bimodal distribution. In the subauroral 
zone, auroras are infrequent and this is indicated 
by the relatively smaller area under the aurora 
curve than under the airglow curve. In the auroral 
zone, the relative areas are shown reversed. Actu- 
ally, the wings of the two distribution curves may 
overlap, but the essence of the argument is that there 
iould be a discontinuity in the composite distri- 
ition if the two phenomena are independent in 
iture and origin. In the right-hand part of figure 
schematic distributions are shown for the single- 
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For a discussion of the “rayleigh” unit of intensity see D. M. Hunten, F. E. 
ich, and J. W. Chamberlain, A photometric unit for the airglow and the 
a’.rora, J. Atmospheric and Terrest. Phys. 8, 345 (1956). If the surface bright- 
rss (B) is measured in 106 quanta/cm?-sec-steradian, then the intensity in ray- 
hs (R) is 4B. For bright auroras it is convenient to use the kilorayleigh 
‘) as a unit. 
Throughout this paper the discussion is strictly limited to the single emission 
7 and should not be generalized to any other radiation. 
P. St. Amand and E. V. Ashburn, The frequency distribution of the intensity 
urorae and the night airglow for 5577 [OT], J. Geophys. Research 60, 112 (1955). 
In this paper the word “discontinuity” is used with the general implication 
© \ “break” rather than in the strict mathematical sense. ee 

It should be mentioned that bimodality almost certainly indicates heteroge- 
tty, but there may be heterogeneity without bimodality. 
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lave a common origin. 


origin hypothesis, their critical characteristic being 
the lack of any discontinuity. 

In figure 2, a replot of the histogram of St. Amand 
and Ashburn is shown with a regrouping of the data 
to correspond to class intervals of 50 R rather than 
the 10 R that they used. They put an approxi- 
mately normal curve through the plot on che basis 
of which they were able to state that an intensity 
corresponding to a just visible aurora should occur 
only “once or twice in geologic time.’’ Because 
auroras do occur occasionally, though rarely, in 
southern California, the implication is that an aurora 
is a completely separate phenomenon from the 
airglow (5577). 

Two comments are in order on the analysis by 
St. Amand and Ashburn: (1) Since they used mean 
nightly values of 5577 intensity, their prediction 
must refer to cases in which the mean nightly 
intensity will be of auroral intensity, which is, of 
course, much less probable than that an aurora 
will occur for a short time during a night; (2) the 
assumption of a normal curve is a critical feature of 
their analysis. Even a slight positive skewness in 
the distribution would change the prediction radi- 
cally. As is shown in the next section, positive 
skewness is a general characteristic of all the dis- 
tributions for which a substantial amount of data 
is available. 
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hypothesis (right) and the separate origin hypothesis (left) for 
the 5577 airglow and the 5577 aurora. 








In their note on the problem, St. Amand and 
Ashburn examined the distribution of the nightly 
mean intensities for 86 nights at Cactus Peak, 


Calif., calling attention to the need for a larger 


statistical sample in order to give a more definitive 
solution. During the International Geophysical 
Year, a much larger sample is available for analysis. 
In the present study, some of this accumulated 
information is used to reexamine the problem. 


3. Analysis of the IGY Data 


At the present time, there are in the files of the 
Boulder World Data Center hourly zenith airglow 
intensities from 15 stations for approximately the 
first half of the International Geophysical Year. 
The distributions of 5577 zenith intensities without 
a single exception have a pronounced positive skewness 
so that, although the higher intensities near and 
exceeding the visual threshold are rare, they do not 
drop to zero occurrence. Furthermore, the dis- 
tributions are in all cases smooth with no indication 
of any discontinuity. The strength of the above 
empirical fact can be appreciated when it is recalled 
that the calibrations and instrumentation are quite 
independent at the several stations. 

The first treatment of the data from any given 
station should be the privilege of those in charge of 
the station so the details are not given here for air- 
glow observing stations not under supervision of the 
authors. Since the distributions at Fritz Peak, 
Colo., and at Rapid City, S. Dak., are typical of 
those obtained at the other locations, the results are 
illustrated for these two stations plus the composite 
results for all the 15 IGY stations without individual 
identification. 


TABLE 1. Intensity frequency distributions 











In table 1 are shown the percentage occurrence by 
class interval and the cumulative percentage occur- 
rence for: (a) Cactus Peak for the mean nightly 
intensities according to St. Amand and Ashburn 
(see section 2); (b) Fritz Peak hourly zenith inten- 
sities from July 1957 to September 1958; (c) Rapid 
City hourly zenith intensities from September 1957 
to July 1958; and (d) the composite results for 7515 
individual zenith intensities from 15 IGY stations. 

In figure 3, the distributions for Rapid City, 
Fritz Peak, and the composite for all IGY stations 
are shown. In all three cases, the departure from 
a symmetrical normal distribution is clear. The 
large sample (7515) for the composite IGY results 
gives an unusually smooth distribution with the 
positive skewness clearly evident. 


4. Discussion 


To summarize the results obtained, it is noted: 
(a) For the stations studied there is evidence for a 
unimodal distribution of intensities with no apparent 
discontinuities; (b) the distribution shows a positive 
skewness so that there is a definite smooth occurrence 
of intensities from the more probeble airglow values 
near 200 to 300 R to and past the visual threshold 
near 1,000 R. 

Referring now to the introductory remarks, the 
facts are noted to be consistent with the hypothesis 
that 5577 airglow and aurora have a common nature 
and origin, at least for the stations in the subauroral 
zone. A further numerical test of the hypothesis is 
whether the distributions predict the occurrence of 
visual auroras. According to E. H. Vestine ® there 


6 E. H. Vestine, The geographic incidence of aurora and magnetic disturbance 
northern hemisphere, Terrestrial Magnetism and Atmospheric Elec. 49, 77 (1944), 
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0.1 | 0.1 0.2 0.2 0.1 0.1 
2 1 a3 3.4 2.8 3.0 
1.3 | 1.6 | 10.8 14.2 7.5 10.4 
7.0 8.6 15.7 29.8 11.1 21.6 
10.7 19.3 19.1 49.9 12.8 34.4 
11.7 | 31.0 14.2 63.1 13.3 47.7 
12.9 | 43.9 11.3 74.4 12.5 60.2 
11.3 | 55.2 7.8 82.1 9.8 70.0 
10.1 | 65.3 6.2 88. 4 7.3 77.2 
a7 74.0 | 3.0 91.4 6.2 83.4 
6.6 | 80.6 | 3.2 94.6 4.9 88.3 
4.6 | 85.2 | 0.5 95.1 3.4 91.7 
4.4 | 89. 6 1.2 96. 3 2.3 91.0 
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is a 4.6 percent occurrence of auroras at Rapid 
City (6=53° N) and 2.4 percent for Fritz Peak 
o=49° N). 

It is not possible to make a definitive comparison 
between the predictions of Vestine and the present 
observations because the present intensities refer to 
the zenith and the curve of Vestine predicts an 
aurora in any part of the sky. However, it is prob- 
ably significant that the cumulative frequencies 
leave a residual (see table 1) of 1.2 percent for Rapid 
City and 2.4 percent for Fritz Peak for intensities 
greater than 1,000 R, which are similar to the quan- 
tities from Vestine’s curve. During the period cov- 
ered, there were visible auroras at both stations, the 
observations of which are included in the general 
statistical results. That the residual percentage over 
1,000 R for Fritz Peak is greater than that for Rapid 
City is surprising, but it is suggested that this may 
be due to the smallness of the samples. However, 
the maximum zenith intensities for Rapid City 
(5,870 R) and for Fritz Peak (2,830 R) reflect the 
greater intensity of individual auroras at Rapid 
City, as is to be expected because it is closer to the 
auroral zone. 


5. Conclusion 


Evidence has been presented consistent with the 
hypothesis that 5577 airglow and 5577 aurora are 
of a common origin. It is of critical importance as 
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Q , RAYLEIGHS 
Distribution of 5577 zenith intensities at Cactus 
Peak, Calif., for nightly means. 
From data of St. Amand and Ashburn, see footnote 3.). 
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a further test of the hypothesis that similar analyses 
be carried out at stations closer to the auroral zone 
where visual auroras are more frequent. In the 
following paper, some results are shown from Thule, 
Greenland, near the center of the auroral zone. 
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FicureE 3. Distribution of 5577 zenith intensities at Rapid 
City, S. Dak., and Fritz Peak, Colo., and for the composite of 
15 IGY stations in the subauroral zone. 








The principal thesis of this paper is that there is 
no apparent discontinuity in 5577 distributions near 
the human visual threshold and that, therefore, this 
threshold should not be used to distinguish between 
two physical phenomena such as the airglow and 
the aurora. One often hears the statement from 
persons living close to the auroral zone that ‘there 
is some kind of an aurora every clear night”? which 
can be paralleled by a similar statement by inhabi- 
tants of the subauroral zone that “there is 5577 air- 
glow every clear night”. Could it be that these 
statements correspond to physically similar situa- 


tions at different average intensity levels? There 
remains the possibility of a break in the distribution 
somewhere in the four decades of 5577 intensity be- 
tween a weak airglow (100 R) and an aurora IV 
(1,000 kR) but it does not show up at the visual 
threshold (1,000 R) in the subauroral zone. This 
paper is, therefore, a challenge to auroral observers 
to search for some quantitative factor in the aurora 
itself that can be used as a true discriminent. 





Bovutper, Coro. (Paper 63D1-2). 
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Comparison of Absolute Intensities of [OI] 5577 in 
the Auroral and Subauroral Zones 
F. E. Roach, J. W. McCaulley, and C. M. Purdy 


(January 30, 1959) 


The distribution of 5577 zenith intensities is compared for Fritz Peak, Colo., in the 


subauroral zone and Thule, Greenland, near the geomagnetic pole. 


The absolute intensity is 


bright enough to permit visual detection at the Colorado station during 2 percent of the 


time and at the Greenland station, 27 percent of the time. 
general similarity, suggesting a phe nomenological similarity in the excitation mechanisms 


at the two stations. 


1. Introduction 


In the preceding paper’ a discussion of [OI] 5577 
zenith intensities in the subauroral region was given. 
In this contribution, some preliminary results are 
presented of measurements on the 5577 zenith 
intensity near the center of the auroral zone. 

In October 1958, a photometer for the measure- 
ment of zenith intensities of 5577 was installed at 
Thule, Greenland, near the geomagnetic pole (geo- 
magnetic latitude, 6,=88°). Two telescopes were 
used, one with an interference filter centered on 5577 
and the other on 5300 A for control. The instrument 
had been carefully calibrated against the airglow 
photometers at Fritz Peak (geomagnetic latitude 
49°) before installation in Greenland so that it is 
possible to make a direct comparison of the absolute 
intensities at the two stations. 


2. Observational Data 


The hourly values of 5577 zenith intensities at 
Fritz Peak were chosen for 125 nights from July 1957 
to September 1958, a total of 832 readings. During 
the first two months of operation at Thule, there 
were 16 nights of observation. In general, the 
intensities changed more rapidly than at Fritz Peak, 
and measurements of the records were made for 
each \ hr, a total of 433 readings. 

In table 1 are shown for the two stations, the direct 
and cumulative distributions of intensities according 
to 50-rayleigh class intervals up to 1,000 rayleighs 
(R). 

_ In figure 1, the percent occurrence versus intensity 
is shown for both stations. In figure 2, the same 
cata are shown with a logarithmic abscissa. In 
irble 3, some of the statistical lresults are summarized. 


3. Discussion 


The following empirical facts are noted: (1) The 
cceurrence (27%) of intensities greater than the 
\isual threshold (~1,000 R) is in substantial agree- 
1 ent with the results of visual auroral observations 

0%) according to Vestine ?; (2) there is no gap 
| -tween the intensities conventionally referred to as 





E. Roach, J. W. McCaulley, and E. Marovich, it origin of [OI] 5577 in the 
low and the aurora, J. Rese: arch NBS 63D, (19. 

ii. Vestine, The geographic incidence of aurora at magnetic disturbance, 

I th hemisphere, Terrestrial Magnetism and Atmospheric Elec, 49, 77 (1944). 
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150 to 199___- 
200 to 249... - 


250 to 299. ...- 


350 to 399____. 
400 to 449____ 
450 to 499 _ - 


500 to 549. - 


650 to 699_ - -- 
700 to 749 


750 to 799 
800 to 849 
850 to 899 
900 to 949 
950 to 999 
Above 999__.. 


TABLE 1. 


Class interval 


300 to 349_-.__- 


550 to 599... __- 
600 to 649. __- 


The distribution curves have a 


Distribution of zenith intensities to the visual 
threshold 








| Fritz Peak | Thule 


| By interval a | cr Cumulative By interval Cumulative 
: | 





€ 47 c } oO 
t % te % 
0.1 0.1 | 
Z .2 3 | 
a 1.3 | 1.6 
7.0 8.6 
. 10.7 | 19.3 
| 
17 | 31. 
12.9 | 4 
pie 11.3 | 5 1 1.2 
10.1 3.0 4.2 
8.7 5.5 9.7 
6.6 80.6 9.7 19.4 
4.6 85. 2 6.5 25.9 
4.4 89.6 8.5 34.4 
2.4 92.0 9.9 44.3 
1.9 | 93.9 | 8.3 | 52.6 
1.2 95.1 7.4 | 60.0 
0.8 | 95.9 | 3.7 | 63.7 
.8 | 96.7 | 3.9 | 67.6 
5 | 97.2 | 2.1 69.7 
.4 97.6 3.0 72.7 
2.4 100.0 27.3 100. 0 





TABLE 2. 


Distribution of zenith intensities brighter than the 
visual threshold seid 



























Class interval ] Percent Class interval | Percent 
R R 
1,000 to 1,049__ J OU ee ee 0.7 
1,050 to 1,099-- mall 1.8 || 1,550 to 1,599- _- a 
1,100 to 1,149... el 2.2 1,600 to 1,649_ - 9 
ito 40 1.100-...........-=.- 1.8 || 1,650 to 1,699. -_- 2 
1,200 to 1,249--- : | 1.4 | 1,700 to 1,749_--- .0 
1,250 to 1,209..........-..---| 1.6 |] 1,750 to 1,799 | 1.2 
eS | 2.3 || 1,800 to 1,84 £2 
yO ae 1.4 || 1,850 to 1,899. 24 
1,400 to 1,449__ 0.9 || 1,900 to 1,949---- 0.2 
1,450 to 1,499_- Z | -9 |] 1,950 to 1,999- _- eel 2 
| Above 1,999. sued 1.2 
T. ABLE 3. Summar y of statistical results 





Fritz Peak Thule 


| eg aa aaa ae ee bakavewa zee 325 | 650 (550, 675) 
Percent brighte r than 1,000 R__- 2.4 | 27.3 
Percent of visible auroras (Vestine) -_- = | 20 
Percent fainter than 350 R-- Le : 44 0 
Percent between 350 and 1,000 R._.-.---------- 54 73 
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(Q<1,000 R) and those of an Aurora I 


(1,000 RC Q<10,000 R); and (3) the distribution 
curves for the two observing stations are similar in 
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Ficure 1. Histograms showing distribution of 5577 zenith 


intensilies (linear scale) at Thule and Fritz Peak. 
ees roughly, but not exactly, as though the 
intensities at Thule were twice those at Fritz Peak. 
Is ~- cag any evidence for a phenomenological 
distinction between the 5577 airglow (0< Q< 1,000 
R) and the 5577 Aurora I (1,000 R< Q< 10,000 R)? 
The question is pertinent because of the fact that 
the visual threshold (Q~=1,000 R in the green) is 
the distinction by definition between the 5577 
airglow and an aurora with International Brightness 
Coefficient I. A widespread assumption is inherent 
in the current literature that the two phenomena 
are separate and distinct with different mechanisms 
responsible for the airglow (photochemical reac- 
tions) and the aurora (solar-terrestrial streams). 
The evidence of this paper does not support the 
conjecture that the two phenomena are distinct 
but, rather, strongly suggests that a common 
physical mechanism should be sought for both. 


The data so far accumulated do not give any 
information on the brighter Auroras II (10,000 
R< Q<100,000 R=100 kR), III (100 kR<Q 


< 1,000 kR), and IV (Q>1,000 kR), since none was 
observed of these intensities during the period of 
study. Near the auroral zone where auroras are 
reported nightly, it should be possible to determine 
(1) whether there is any evidence for a statistical 
distinction between Auroras I, II, III, IV, 

(2) whether for each station there is a distribution 
similar to those found for Fritz Peak and Thule. 
Probably the only published paper that bears on 
the question is that of Currie* who made visual 


3B. W. Currie, Night sky brightness at latitude 52°, Trans. Am. Geophys. 


Union 31, 539 (1950). 








20 


burt * photometer. 
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FicurE 2. Histograms showing distribution of 5577 zenith 


intensities (logarithmic scale) at Thule and Fritz Peak. 


observations at Saskatoon (@=60°5) with a Hul- 
According to Vestine’s study, 
the auroral occurrence should be almost the same 
at Saskatoon as at Thule. It is of interest to note 
(table 4) that the zenith intensity observed by 


‘Currie was also on the average about twice that 


of subauroral regions, in agreement with present 
results from Thule and Fritz Peak. 


Comparison of visual observations at 
and midlatitudes 


TABLE 4. Saskatoon 





| N 
Observed | 
zenith 

intensity 


Corrected for astro- 


Location nomical light 


muL R 
Midlatitudes (Iulburt *) _- a ; 130 68 309 


Saskatoon (Currie ») | 





Late summer 185 123 560 
Autumn... ; 254 192 | 873 
Winter-_-__- 221 159 724 
Quiet are in NE (August). - 198 132 | 600 
Quiet arc in NE (later in year) - 1, 210 | 1, 148 | 5, 220 





® See footnote 4. b See footnote 3. 


The authors are deeply indebted to the Air Force 
Cambridge Research Center (Bedford, Mass.) per- 
sonnel of which installed and operated the photorm- 
eter at the Thule station. The personnel actively 
engaged in the operation were Maj. John B. Mac- 
Wherter, 2d Lt. Don Smart, M. Sgt. John VW. 
Hubin, and A2e Frank Pavlica, Jr. 


4E. O. Hulburt, Survey of the brightness of the night sky, 
N-3263 (1948). 
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Bovu.LpEr, Coro. (Paper 63D1-3). 
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Origin of “Very-Low-Frequency Emissions” ' 
R. M. Gallet and R. A. Helliwell’ 


(January 16, 1959) 


Selective traveling-wave amplification in the outer ionosphere is postulated to explain 
very-low-frequency emissions, a class of very low-frequency (1 to 30 kilocycles per second) 


natural noise. 


By analogy with the mechanism of traveling wave tubes, low-level ambient 


noise in the outer ionosphere is amplified in streams of incoming ionized solar particles at 


frequencies for which the stream and wave velocities are equal. 
in the range 0.01 to 0.1 c¢ (where c is the velocity of light). 
order of one electron per cubic centimeter would provide sufficient energy. 


Required velocities are 
Streams with densities of the 
Phenomena 


which can be explained qualitatively by the theory are the hiss, quasi-constant tones, dawn 


chorus and related transients, and very long trains of whistler echoes. 


A quantitative 


example shows how the theory can reproduce the general form of certain characteristic 


discrete spectra ‘hooks”’ 


of emissions, and how this leads to definite values of particle 


velocity and a law for the distribution of electron density in the outer ionosphere. 


1. Introduction 


When a high-gain audio amplifier is connected 
to a loop or long-wire antenna, unusual sounds 
of natural origin are often heard. The more 
impulsive sounds called “atmospherics” are pro- 
duced by lightning and reach the receiver by 
traveling between the ground and the lower edge 
of the ionosphere. They are described by various 
terms such as ‘‘clicks,” “tweeks,’” and ‘“crashes.”’ 

Some of the energy from a lightning discharge 
also enters the ionosphere and is guided by the 
lines of force of the earth’s magnetic field. As 
the energy propagates from one hemisphere to the 
other, it is dispersed and arrives at the receiver 
as a Whistling tone, usually of descending frequency. 
Such signals are called ‘whistlers,” and their 
theory has been developed in some detail (Storey 
(1] ,°> Helliwell et al. [2], Ellis [3], and Maeda [4]). 

There is yet another class of audiofrequency signals 
which we will call “very-low-frequency emissions”’. 
These appear to be related to magnetic disturbance 
and occur most frequently near the auroral zones. 
(Storey [1], Pope [5], Allcock [6], Dinger [7], and 
Watts [8].) One of the most common is the ‘‘hiss’’, 
a band of noise several kiloeycles wide which is 
usually heard below 10 ke; it is occasionally ac- 
compained by one or more discrete tones in the same 
‘ange of frequencies. Another is the so-called 
‘dawn chorus’, a combination of short (0.1—0.2 
sec) rising whistles and warbling tones. Various 
isolated events, including rising and falling tones and 
combinations thereof can be observed. Very-low- 
frequency emissions are frequently associated with 
strong whistlers. Sometimes a whistler appears 
io “trigger’’ short periods of dawn chorus or hiss. 
‘Vhistlers are sometimes preceded or followed by 
(ne or more rising tones. 

It is the purpose of this paper to outline a theory 


The basic ideas described in this paper weve presented to the Symposium 
0: the Propagation of VLF Racio Waves, January 23-25, 1957, Boulder, Colo. 

Dr. Helliwell is affiliated with the Radio Propagation Laboratory, Stanford 
Lniversity, California. 

Figures in brackets indicate the literature references at the end of this paper. 
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of the origin of vif emissions, based on selective 
traveling-wave amplification taking place in the 
outer ionosphere. The input signal is assumed to 
be provided by thermal radiation, whistler energy, 
or possibly Cerenkov radiation (Ellis [9]). It is 
assumed that the energy for amplification of the 
electromagnetic wave is provided by the streams 
of ionized solar particles (both positive and negative) 


which are thought to cause the auroras. These 
streams are assumed to penetrate the ambient 


ionization of the outer ionosphere and to be guided 
along the lines of force of the earth’s magnetic field. 
The mechanism of amplification is essentially similar 
to that which takes place in an ordinary traveling 
wave tube (Pierce [10]), except that the “slow-wave” 
circuit (provided by the helix in the tube) is the 
ambient ionization of the outer ionosphere in the 
presence of the earth’s magnetic field. Such a 
medium is dispersive, i.e., the wave velocity is a 
function of frequency, and at the very low fre- 
quencies considered here the velocity may be reduced 
as much as two orders of magnitude below that in 
free space. Furthermore, as shown by Storey [1] 
in connection with the theory of whistlers the energy 
of a vif wave tends to be guided along the earth’s 
magnetic field lines rather closely, and thus may 
follow the same path as the postulated particle 
stream. The wave normal, on the other hand, may 
make any angle with the field; and since the wave 
polarization is approximately circular, there will 
normally be a substantial component of the electric 
field of the wave which is parallel to the magnetic 
field. This component will act on the moving particle 
stream to produce the required sinusoidal modulation 
of charge density. For given values of the ambient 
plasma and gyrofrequencies, the stream velocity 
will approximate the phase velocity at two par- 
ticular frequencies, and traveling wave amplification 
can take place. As the parameters of the medium 
change with position along the stream, the fre- 
quencies of amplification will change. This paper 
develops the conditions for interaction assuming 
the validity of the analogy with the traveling wave 
tube mechanism. 








2. Interaction Conditions 


By analogy with the small-signal theory of 
traveling wave tubes (Pierce [10]), the necessary 
condition for coupling between the electromagnetic 
wave and the stream of charge is 


(1) 


,=Velocity of 


Vp=0_, 


where v,=phase velocity of wave, 
stream. 

We must now deduce the conditions under which 
(1) will be satisfied. The phase velocity is en, 
where c is the velocity of light and n is the refractive 
index in the medium. Since we need a phase velocity 
less than the velocity of light, we shail be interested 
in the ‘‘whistler-mode”’ of propagation (Storey [1]). 
For simplicity we shall consider the case in which 
the wave normal direction is approximately the 
same as that of the earth’s magnetic field. The 
refractive index for the propagating mode is then 


given by 
W=1+f5/{f(fa—f)}, 


and the phase velocity is then simply 


f(fa— | 
= ’ (2) 
ad ee af ve ? 
where f=wave frequency; fy=gyrofrequency; f,= 
(81N)”“=plasma frequency ; with N=number of 


electrons per cubic centimeter when f, is in kilocycles 
per second. 


It is assumed that f, >f, fa>f. From (1) and (2), 


the frequencies of amplification are given by 


- eae ey *) 
2 1—(v,/c)? 


x 


Pose 





If we restrict the discussion to cases in which the 
stream velocity isless than about 0.1 ¢, then (,/c)*<1, 
and (3) can be written 

f 

f=F (14ll—@P/fa)'T"}, (4) 

where P=f,(v,/e) and is conveniently measured in 
kilocycles per second. 


For interaction to occur, the solution to (4) must 
be real, and hence the condition for interaction is 


Su 2P. (5) 
The maximum value of the wave frequency J is fu, 
since the maximum real value of the radical in (4) 


is unity. The conditions for interaction are shown 
in figure 1, which is a plot of wave frequency f as a 
function of gyrofrequency fy for different values of 
the parameter P. All curves are asymptotic to the 
line f=fz (ignoring the dashed curve for the mo- 
ment). 
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As an example of the application of these curves, 
consider a stream of velocity 3,000 kmps which enters 
the outer ionosphere along an auroral line of force 
(near geomagnetic latitude 67°). The ambient 
plasma frequency is assumed to be constant and 
equal to 200 ke, and thus the parameter P=3 kc. 
When the stream reaches the point where fy=2/, 
interaction can begin at the wave frequency f,/2, or 
3 ke. Beyond this point two frequencies can be 
amplified, and as fg increases the lower one ap- 
proaches zero and the upper one approaches ta, 
following the curve P=3 in figure 1. The locations 
of these frequencies along the dipole line of force 
are plotted in figure 2. 
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Figure 1. Variation of excited wave frequency with gyro- 
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i 3. Stream Velocities 10-° w/m?. The required efficiency of conversion 
cs from kinetic energy to electromagnetic energy is 
ind The stream velocity required for interaction is thus 0.1 percent, a low value compared with traveling 
a found from (4) and is given by wave tube efficiencies, which are of order 10 percent. 
4 € aa 5. Comparison of Theory With Observations 
lt n= VITa— @) | ~~ , 
be 7 Using the traveling wave hypothesis the hiss is 
ap- Values for the stream velocity for appropriate explained in terms of a continuous stream of particles 
Su values of the medium parameters and the wave anicig wistek steehentinn occurs only fora reticle’ 
— frequency are given in table 1. It is seen that the RE 66 SONIREOE. Tee SNORE OF GEN OF eee 
nce required stream velocities could vary roughly be- — ey Se eee vee Ee mace 
eis Met, weal 0A Ok e-aleaie of Ca, Plinn distance available, which in turn will depend on the 
wt ec ‘ rv, -_* ese | way in which the plasma frequency varies with dis- 
velocities seem reasonable, since the lower value, | tance along the path. In a like manner the quasi- 
0.01 ¢, is comparable to the lower limit found by | constant tones sometimes observed on different fre- 
- Meinel [11] in spectroscopic studies of hydrogen in quencies can be explained by assuming an ionization 
~ yr sete other hand, it "ge yi necessary | model in which the plasma frequency increases with 
that pre which penetrate to the E as must | ovrofrequency in such a way that f=constant over 
have velocities of approximately 0.3 ¢ (Vegard [12]). | gn appreciable lengthof path. Several different tones 
hus the velocities required for the traveling wave | observed simultaneously could be explained by 
mechanism appear to lie in the same range as those | gifforent streams flowing along lines of force of 
ascribed to auroral particles. sightly different geomagnetic latitude, or possibly 
by streams of different velocities. 
4. Stream Energy Requirements Transient phenomena, of which the dawn chorus 
is an example, are less easily explained. The travel- 
If traveling wave amplification is to be accepted | ing wave hypothesis can be adapted to the generation 
as a possible mechanism, it is necessary that the | of transient signals by assuming that the incoming 
dl power density of the incoming stream exceed that | particles arrive in bunches. As the bunches travel 
of the observed signals. A measurement of the | along the lines of force, amplification takes place in 
a strength of relatively strong hiss was made at | the region of the bunch. However, the character- 
* Stanford, California (Stanford University [13]) on | istic frequencies are amplified for a length of time 
= March 3, 1956, during a period of magnetic dis- | which depends upon the length and velocity of the 
_— turbance. The power density was of the order of | bunch. As the bunch moves, the frequency which 
10-'° w/m*. for a signal having a bandwidth of about | is generated changes in accordance with changes in 
1 ke. Observations of whistlers indicate that the | the parameters of the medium. The mechanism of 
ou total attenuation from the source to the observer is | formation of such bunches is not known; however, 
not likely to exceed 20 db. Thus the power density | the visual phenomena observed during aurora sug- 
of the signal as it leaves the amplifiying region is of | gest that solar streams may be bunched. 
the order of 10-8 w/m?. The interpretation of observed transient signals 
Let us now calculate the power density of the | in terms of bunches of particles is complicated by 
incoming stream. Since the particle densities and | the fact that the frequency-time relation of the 
velocities of streams from the sun are not known, | received signal will depend on the integrated group 
we must make a conservative estimate. From the | delay from the point of origin to the receiver. The 
work of Martyn [14] the stream is estimated to have | group delay, which is a function of frequency, 
a density of at least 1 electron/em® and a velocity of | clearly will affect the frequency-time dependence of 
3,000 km/s. The power density in such a stream is | the received signal. However, it cannot by itself 
(;mv?)(Nv), where m is the particle mass, v the | explain the appearance of a given frequency at two 
velocity, and N the number of particles per unit | different times, a phenomenon seen frequently in 
volume. For elections, m=9.11X10-*! kg, and | the dawn chorus. Such cases might better be ex- 
the power density of the stream is thus about | plained in terms of variations in the ambient ioniza- 
TaBLE 1. Calculated stream velocities for different parameters of amplifying region 
Wave frequency 
Gyrofrequency Distance from surface Minimum geomagnetic latitude Plasma 
frequency | 
| | 2ke | 5ke 10 ke 
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tion density in the interaction region. For example, 
consider the hypothetical model, f,=200 kce+/,’/ 
(1 ke), where fy is measured in kilocycles per second. 
A short bunch of charge (say, with dimensions of 
about 100 km) traveling through such a region 
would excite the frequencies given by the dashed 
curve of figure 1. The energy would be limited to 
short groups produced at different times. The 
curve of excited frequency versus gyrofrequency 
transforms to a somewhat similar shape in the 
frequency-time plane. Some distortion of this 
curve occurs at the receiver because group delay is 
a function of both frequency and location of source. 
No completely closed trace of this type has yet been 
observed, but many of the recorded signals first fall 
and then rise with time, corresponding to the lower 
portion of the dashed curve. Thus there is at least 
a qualitative resemblance between the theory and 
the experimental data. 

The steady hiss and the sharply defined transients 
represent extremes among vlf emission phenomena. 
In between lie many forms which show varying 
degrees of irregularity. Their character often 
changes markedly in the course of a few hours. It 
is suggested that the observed variety of form is 
simply the result of variations in the degree of bunch- 
ing of the charge in the streams. 

The traveling wave hypothesis offers a convenient 
explanation of very long trains of echoes of a 
whistler. The echo intensity decreases very slowly 
with order, and may even increase. It is difficult 
to explain this behavior in terms of the passive 
properties of the medium. Discrete echoes in a 
single train have been detected for as long as 4 min. 


These rather rare events are usually accompanied | 


by magnetic disturbance and the dawn chorus or 
hiss. The whistler components which are most 
prolonged often lie in the 3- to 4-kce range where 
the hiss is known to predominate. On the basis of 
these facts it is suggested that the low apparent 
attenuation in very long whistler trains can be 
attributed to traveling wave amplification some- 
where along the path. The whistler energy propa- 
gates along the same path followed by the incoming 
solar stream and is amplified in the regions where the 
whistler phase velocity approximates the stream 
velocity. 

One of the most puzzling phenomena is the inter- 
action between loud whistlers and vif emissions. 
If during a period of dawn chorus and whistler 
activity, an ordinary loud whistler should occur, it 
is frequently accompanied by one or more rising 
whistles (Storey [1]). In attem ing to explain this 
connection in terms of the traveling wave concept, 
we suggest that the loud whistler may be capable of 
accelerating an incoming stream of particles. For 
energy to be transferred from the whistler to the 
stream, the wave must accelerate the particles in 
its electrical field. Equation (2) shows that in a 
region where f, does not increase too rapidly with 
Ju, the phase velocity of a fixed frequency wave will 
increase with f,. For our purposes the rate of 
change of whistler frequency with time is sufficiently 
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small that we can assume the accelerating signal to 
be of constant frequency. Thus as the whistler 
travels down the field line, particles of a given 
velocity are literally picked up by the wave at ever) 
point where a wave component of the same velocity 
exists. As the wave continues to propagate, its 
phase velocity increases and the particles riding on 
the front of the wave are accelerated, as in a linear 
accelerator. With the additional kinetic energy 
which the stream acquires from the signal it would 
be more efficient as a traveling wave amplifier and 
might conceivably produce audible vlf emissions. 


6. Conclusions 


The rather close similarity between conditions in 
the outer ionosphere and those in a traveling wave 
tube lead to the hypothesis that traveling wave 
amplification might take place at very low audiofre- 
quencies. Even though the traveling wave hy- 
pothesis may not account successfully for all of the 
observed phenomena, it is probably an important 
factor to be considered in whistler propagation as 
well as in the generation of vlf emissions. Confirma- 
tion of the hypothesis must await a more detailed 
study of the traveling wave-gain problem and some- 
what more-detailed information regarding the dis- 
tribution of ionization in the outer ionosphere. Such 
data presumably will come from whistler analysis. 
This theory, if correct, should provide a useful new 
tool for a study of the densities, velocities, and loca- 
tions of streams of charged particles in the outer 
ionosphere. 


7. Appendix: A Quantitative Comparison 
of the Theory With Observation 


7.1. Example Chosen for Comparison With the 
Theory 


The theory presented above has been developed in 
extensive numerical applications by one of us 
(R. M. G.) to see if the theory is able to account in 
detail for spectra of discrete vlf emissions, using a 
minimum of reasonable assumptions. 

There is considerable information on the distribu- 
tion of electron density up to the height of maximum 
density in the ionosphere, but very little is known 
about densities above this height. In particular, the 
law governing the distribution of electron density 
with height is not known for this region. In these 
investigations several models of the distribution 
above the main body of the ionosphere were con- 
sidered. They were: Constant electron density; a 
power law 7~" where r is the distance from the center 
of the earth and n was taken from 1 through 6; and 
an exponential distribution e~” where k is a con- 
stant. The power law was found to give the best 
representation of certain distinguishing features of 
the vlf emissions and also to be consistent with ii- 
formation obtained from parallel studies of whistlers 
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‘dispersion constants and analysis of nose whistlers). 
The same criteria seem to require the exponent 
a~3. Furthermore, a power law distribution with 
n=&3 appears to be justified theoretically in other 
research in progress on the gravitational equilibrium 
of extended atmospheres, at large distances from the 
earth’s surface. It is perbaps significant for the 
physics of the exosphere that n-~3 means that the 
electron density is nearly proportional to the strength 
of the earth’s magnetic field. 

An example of a computed spectrum (frequency 
versus time at the earth’s surface) of waves emitted 
by a discrete cloud of ionized particles moving with 
constant speed parallel to the lines of force of the 
earth’s magnetic field is shown in the upper part of 
figure 3. This example was chosen to approximately 





match the observed spectrum shown in the lower 


part of the figure. The latter is a typical member 
of the “Hook” class of vif emissions. This class is 
one of the best defined, and the reproducibility of 
the emissions is remarkably good in general shape. 
However, no two hooks, even though separated by 
only a few seconds in time, are exactly the same. 
Therefore, the exact matching of any individual tone 
is of no particular importance. In the example 
shown here, no great accuracy in matching was at- 
tempted; the same computations made with a 
slightly lower speed for the cloud of particles (say 
9,000 km/sec) would have resulted in a better match. 

It is more significant to realize that with reason- 
able numerical values for the parameters, the theory 
leads very naturally to calculated spectra very 
similar to those observed in regard to values of 
frequency, duration, and general shape. 
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Ficure 3. Comparison of theory and observation (see appendix for details). 
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7.2. Model of the Distribution of Electron Density 


The model of electron density versus altitude used 
for the numerical calculations is illustrated in figure 
4. Electron density (N,/cm*) is given on the right 
scale, and the corresponding local plasma fre- 
quency f, in kilocycles can be read on the left scale. 

In the exosphere, far above the earth’s surface 
(above 1,000 km), rather than r~°, the distribution 
chosen was: 


S5=Kpu, (7) 


where H is the local magnetic field strength and f, 
is the local electron gyrofrequency. Below 1,000 km, 
as a means of joining smoothly with a plausible 
ionospheric distribution, the above expression for 
f; is multiplied by the factor exp{—(h—1,000)?/ 
KH ?.}, where h is the height in kilometers above the 
earth’s surface. The scale height “%, is taken as 
200 km. 

The ionospheric distribution is taken to be a 
Chapman-like layer 


N.=Nmax exp {144(1—z—e7), 


Fe semo=S 5 smex exp {144(1-—z—e7*) } ’ (8) 


where z= (h—hmax)/#& The chosen value of Nmax (10° 
cm~*) corresponds closely to the critical frequency 
of the F2 layer at the place and time of the observa- 
tion to be matched (Boulder, Colorado, October 26, 
1956, 2230 UT or 1530 local standard time). The 
value of hima, was taken as 350 km. Above hm,x the 


Ne/H=constant, or 


or 
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Ficure 4. Distribution of electron density used for the theoretical 
calculation shown in figure 3. 





26 


value of the scale height used was #4=200 km. 
Below hmax, 4%s2=100 km was used. 
Thus the total electron density for the model used is 


Jefe sce tS 3 en0 
=f ymax exp {44(1—z—e7*)} 


+ Kfa exp {—(h—1,000)?/. #2} for h<1,000 km 
K fu for h>1,000 km 
(9) 


Note that only a small range of values of the con- 
stant K is possible if the electronic density in the 
exosphere is not to be too large near the earth (smaller 
than the lowest values of Nmax) nor too small to per- 
mit the propagation of whistlers at the greater 
distances. The value chosen here was 4,000 ke. 


7.3. Geometric Conditions 


The calculations were made for an ionized cloud 
of particles moving along the line of force which in- 
tersects the earth’s surface at the geomagnetic lati- 
tude A=55°. The observations were made at 
Boulder at, geomagnetic latitude 49°, but it is known 
from studies of whistlers that a signal propagating 
in the whistler mode can be received at places far 
from the foot of the nominal line of force along which 
the wave is propagated. For a dipole field, the line 
corresponding to \=55° intersects the plane of the 
geomagnetic equator at 2.04 earth radii, or 13,010 km 
above the earth’s surface. (Note that fig. 4 shows 
the model only out to the height 3,500 km.) The 
total length along the line of force from the equator 
to the earth’s surface is 3.17 earth radii, or 20,214 
km. At the equator the magnetic field strength 
along the line of force is a minimum. 
0.011 gauss compared to 0.315 gauss at the surface. 
The corresponding gyrofrequency is 31.4 ke, and 
with the exosphere model (7) N,=1,560 and f,=354 
ke at this height. 

Using as the origin of time a starting position in 
the equatorial plane, the calculations were made 
for points regularly spaced along the trajectory to 
obtain: (1) the frequencies emitted; (2) the time 
of the emission; (3) the time for propagation of the 
wave from this point to the earth’s surface along 
the remaining arc, using the full formula for group 
velocity in the whistler mode; and, (4) the sum of 
these two times to obtain the arrival time at the 
earth. 

At 10,000 km/sec the total time of flight for the 
cloud is nearly 2 sec while the range of arrival times 
of the emitted waves is about \% sec. Of course, 
one observes only the range of arrival times. 

The “knee” in the “hook” in the present examp! 
corresponds to the transition at about 2,500-km 
height between the electron density characteristic 
of the exosphere and the more rapidly increasing 
density in the ionosphere, which is responsible for 
the high branch of the “hook.” 
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7.4. Velocity of the Cloud 


Generally speaking, the shape of the computed 
spectrum will remain approximately the same for 
different velocities. But the frequency and time 
scales will vary rapidly. A small velocity furnishes 
a range of arrival times that are too long and emitted 
frequencies that are too low. The durations and 
frequencies are very sensitive to the velocity. 
Velocities of about 1,000 km/sec, as suggested by the 
delay between related solar and terrestrial events, 
give frequencies roughly ten times too small and 
durations 10 times too long. Satisfactory fits are 
obtained only for velocities of the order of 10,000 
km/sec. Such a high velocity seems to indicate that 
some process in the interaction between the earth’s 
exosphere and the solar corpuscular radiations gives 
high local velocities to the small clouds responsible 
for the vlf emissions. ‘These clouds are tentatively 
associated with the flashes of luminosity in active 
auroras. 

It is significant that this velocity is of the same 
order as that required for protons to penetrate to 
the 100-km level in the aurora. 


TABLE 2. Summary of the conditions assumed for the sample 


theoretical calculation 











Distribution of electron density | Other conditions 





| 
Ionosphere | 


E xosphere 


Nmax=108/c m! hex=1, 000 km 
haax=350 km Hox =200 km 
KH, =%0 km K=4,000 ke | 
H=\00 km | 


\=55° 
v,=104 km/s 
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Climatology of Ground-Based Radio Ducts* 
Bradford R. Bean 


(January 15, 1959) 


An atmospheric duct is defined as occurring when geometrical optics indicate that a 
radio ray leaving the transmitter and passing upwards through the atmosphere is sufficiently 


refracted that it is traveling parallel to the earth’s surface. 


Maximum observed incidence 


of ducts was determined as 13 percent in the tropics, 10 percent in the arctic and 5 percent 
in the temperate zone by analysis of 3 to 5 years of radiosonde data for a tropical, temperate, 


and arctic location. 
summer for the tropics. 


Annual maximums are observed in the winter for the arctic and 
The arctic ducts arise from ground-based temperature inversions 


with the ground temperature less than —25° C while the tropical ducts are observed to 
occur with slight temperature and humidity lapse when the surface temperature is 30° C and 


greater. 
1. Introduction 


The author has recently had cause to investigate 
the limitations placed upon ray tracing of vhf-uhf 
radio waves by the occurrence of atmospheric 
ducts [1].1. Ducting is defined as occurring when a 
radio ray originating at the earth’s surface is suffi- 
ciently refracted during its upward passage through 
the atmosphere so that it either is bent back towards 
the earth’s surface or travels in a path parallel to the 
earth’s surface. Although the proper treatment of 
ducting involves consideration of the wave equation 
solution [2] rather than a simple ray treatment, the 
present study will be based upon a geometrical 
optics definition of the limiting case in which ray 
tracing techniques may be used. This simple 
criterion is then applied to several years of radio- 
sonde observations from stations typical of arctic, 
temperate and tropical climates to derive estimates 
of the variation of the occurrence of radio ducts with 
climatic conditions. 


2. Background 


The property of the atmosphere basic to radio-ray 
tracing is the gradient of the radio refractive index 
of the atmosphere, n. For standard conditions near 
the surface of the earth n is a number of the order 
1.0003 and its gradient is about 40X10~° per kilo- 
meter. It is instructive to consider the order of mag- 
nitude of refractive index gradient needed for trap- 
ping for several commonly observed refractive index 
profiles. Snell’s law may be written, for cylindrical 
coordinates, 


(1) 


\ here 6 is the elevation angle made by the ray at the 
point under consideration. The subscripts ¢ and d 
r fer to the values of the variables at the transmitter 
hight and the top of the trapping layer respectively. 


NP, COS 0,=NgTq COS Iz, 


[his work was partially sponsored by task 31 of the U.S. Navy Weather 
1 search Facility, Norfolk, Va. 


Figures in brackets indicate the literature references at the end of this paper. 
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Thus trapping occurs when the ray is traveling 
parallel to the earth, i.e., cos 6,=1 and 


4? 
tet (2) 
Nala 
The angle of penetration at the transmitter, 6,, found 
by setting 
rut 
Nala 


s 6,=1, (3) 


divides the ray family into two groups since all rays 
of 6, <8, are trapped within the duct and those rays 
of #,>6, are not. The n gradient}for a given value 
of 6, is then given by 
An _ 


Ny—Nag 
Ar 


la—Tl 1 





’ (4) 


where, for the ducting case, nz must satisfy (3), i.e., 


NP 
ages 
Va 


(5) 


COS 6p. 


By designating rgz=r,+Ah then (4) may be written 


a. on § 
An [te os 0, | 6) 
By rewriting (6), 
An Nt 1 = 
——=——t | 1 cos 6, |, (7) 
Ar Ah 1 +o 
t 


: Ah\" , 
and expanding (1+%) and cos 6, one obtains the 
t 





expression 
An .- ; 
-_ +30 | (8) 
9 








For the case of 6,=0 and the transmitter at sea 
level, (8) reduces to 


An te 


Ar aa ~157N units/km. (9) 
using da=6,373 km and N=(n—1) 10°. Note that 
the n gradient is referred to here and hereafter as 
parts per million, or in popular parlance, N units. 

It is seen from (8) that the n gradient necessary 
to trap a radio ray at a given value of 6, is practically 
independent of transmitting antenna height above 
the earth. For example, a 0,—0 ray will be trapped 
by an n gradient of —157.0 N units/km at sea level 
when n,=1.0003 while the necessary n gradient at 
3 km above sea level will be —156.9 N units/km 
for an n,=1.0002, thus indicating, for all practical 
applications, that the necessary n gradient for 
trapping is independent of altitude. Further, by 
considering the temperature and humidity gradients 
encountered in the troposphere one is led to the 
conclusion that ducting gradients would not be 
expected to occur at heights greater than 3 km above 
the earth’s surface. In fact, Cowan’s [3] investigation 
indicates that trapping gradients are nearly always 
confined to the first kilometer above the surface. 

A consideration of (8) indicates that the mag- 
nitude of the negative gradient necessary for ducting 
is 1/a for 6,=0 but is increased by the amount 
n,0,7/2Ah for other values of 6,. The gradients 
necessary for atmospheric ducts as a function of 
6, are given for several different but typical n profiles 
in figure 1. An analysis of radiosonde data in- 
dicates that gradients in excess of 500 N units/km 
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Figure 1. Refractivity gradients needed for radio ducts. 
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are seldom indicated within atmospheric layers. 
Note how rapidly the necessary gradients increase 
to the approximate upper limit of gradients derive 
from radiosonde observations; a ground-based layer 
100-m thick attains this gradient at 8.3 milliradiais 
while the maximum observed gradient is intercepted 
by the 30-m layer curve at 4.5 milliradians of @,. A 
— example was calculated for an elevated layer 

5 km above the ground and 100-m thick by as- 
iaier normal refraction between the ground and 
the base of the layer and solving for the necessary 
ducting gradient within the layer. The large values 
of the n gradient necessary for this case indicate 
that elevated ducts would rarely be observed. 
Although the preceding examples were calculated 
for a ground transmitter, the combinations of 6, 
An/Ah, and Ah are very nearly the same as would 
be obtained for any other transmitter height within 
the first 3 km above the surface. 


3. Description of Observed Ground-Based 
Atmospheric Ducts 


Radiosonde data were examined for the occurrence 
of ducts. Three consecutive years of data were 
analyzed for the months of February, May, August, 
and November at each of three Weather Bureau 
stations. The three stations were chosen to repre- 
sent a range of climates: Fairbanks, Alaska for an 
arctic climate, Washington, D. C., for a temperate 
climate and Swan Island, West Indies, as an example 
of a tropical climate. The procedure used to de- 
termine the occurrence of a radio duct was to: 

(a) Determine the value of N from the expres- 
sion [4] 


) (10) 


N=@—110=279 A(e, 2 ,RH 


where P is the station pressure in millibars, RH is 
the percent of the saturation vapor pressure, é,, in 


millibars at the absolute temperature, 7’, in degrees 
Kelvin; 

(b) note all instances when the N gradient 
equaled or exceeded the minimum ducting gradient 
indicated by (9), 1e., 


An 


n 1 ; 
nee N units/km; (11) 
(c) if, for the instances selected by (b), 
Le 2) 
Nata 


where r,—a, then the duct was said to trap rays 


from an antenna resting on the surface of the | 


earth. Further, under this condition the particular 
duct would trap all rays from @,=0 up to the anzle 
of penetration, 

7 
ne", (:2) 
N, a 
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The ducts selected by procedure (a) through (c) are 
defined as ground-based ducts. Statistics of ground- 
based ducts are given below. 

The percentage occurrence of ducts is shown on 
figure 2. The maximum occurrences of 13.8 percent 
for August at Swan Island and 9.2 percent for 
Fairbanks in February are significantly greater than 
the values observed at other times of the year. The 
Washington data display a summertime maximum 
of 4.6 percent indicating the temperate zone maxi- 
mum incidence is about one-half the wintertime 
maximum incidence in the arctic, and about one-third 
of the summertime tropical maximum. 
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Figure 2. Frequency of occurrence of ground-based ducts. 


The range of values of 6, observed are shown in 
firure 3. The mean value calculated for each 


/month as well as the maximum and mean values 


© 6, observed for the limiting cases are given for 
ech month and location. The mean value of the 
a: gle of penetration under these conditions is between 
2 and 3 milliradians and appears to be independent 
0! climate. The maximum value of 6, observed 
diving ducting is 5.8 milliradians. 

lhe refractivity gradients observed during ducting 
aie given on figure 4. The maximum gradient of 
4°.) N units/km was observed during February at 
I irbanks, Alaska. The mean values of N gradient 
aj pear to follow a slight climatic trend from a high 
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Figure 3. Angle of penetration of ground-based ducts. 


ralue of 230 N units/km at Fairbanks to a value 
of 190 N units/km at Swan Island. 

Another property of radio ducts is their thickness 
which is given in figure 5. Again there is observed 
a slight climatic trend as the median thickness 
increases from 66 m at Fairbanks to 106 m at Swan 
Island. These values of thickness correspond to 
the gradients given in figure 4. The steepness of the 
distribution curve for Washington appears to be due 
to a mixture of N profile types that give rise to 
ground-based ducts. The thickest ducts at Wash- 
ington are actually elevated layers accompanied by 
a relatively small N gradient between the ground 
and the base of the layer. This is in contrast to 
the Fairbanks and Swan Island profiles which tend 
to be composed of a single ducting gradient from 
the surface to the top of the duct. 
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Numbers on curves are the 
total number of observed ducts 


»meter 


N/K 





FEB MAY AUG NOV FEB MAY AUG NOV 
Months of the Year 


Figure 4. Refractivity gradients of ground-based ducts. 
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Figure 5. Observed ground-based duct thickness. 


One may obtain yet another thickness by linearly 
extrapolating to obtain the height at which the 
gradient is equal to —1/a, that is, the height cor- 
responding to the gradient just sufficient to trap the 
ray at 6,=0. These values, shown in figure 6, dis- 
play an increase in the median thickness of about 
25 percent for Swan Island, 100 percent for Wash- 
ington, and 200 percent for Fairbanks, which results 
in a reversal of the climatic trend of the observed 
thickness between Fairbanks and Swan _ Island. 
This increase in height emphasizes the information 
of the preceding figures, namely, Fairbanks is 
characterized by shallow layers with relatively 
intense gradients. 

These maximum duct widths may be used to 
estimate the minimum frequencies that are trapped 
by reference to a ducting theory that assumes a 
linear decay of refractive index within the duct 
such as that given by Kerr [5] where the maximum 
wavelength, \, trapped by a given thickness, d, is 
given by 

Amax=cy"/2d??, (13) 
where c is a constant and y is a function of the n 
gradient excess over the minimum value of AN/AH 
=1/4. If \max is to be expressed in centimeters, d in 
meters and 


a. 
y= (5A t-15.7)10-, (14) 
a: 
then 
c=2.514X 107. 
By the use of (13) the minimum frequencies 


trapped during ducting conditions were estimated for 
the maximum duct thicknesses of figure 6. These 
values, given in table 1, were determined for the 
month with the maximum occurrence of ducts, thus 
allowing an estimate of the radio frequencies likely 
to be effected by ducting conditions. Note, for 
example, that the data of table 1 indicate that 500-Me 
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Ficure 6. Maximum ground-based duct thickness. 


rays will be trapped by 50 percent of the ducts 
regardless of location. 

The reader is cautioned that an atmospheric duct 
does not have the sharp boundaries of a metallic 
waveguide and thus the minimum frequencies given 
by table 1 do not represent cutoff frequencies but, 
as Kerr is so careful to emphasize, merely yields a 
suggested lower limit of the frequencies strongly 
affected by the duct under the assumptions of this 
rudimentary theory. 














TABLE 1. Estimated minimum frequency trapped at 0,=0 
Station Minimum frequency in megacycles trapped by the 
indicated percentage of ducts 
ee ee SESE SOT GEN: GER WERE WHERE pool 
Fairbanks, Alaska (Feb- | 95% 9% | 75% | 50% | 25% | 10% | 5% 
ruary) -- acstanesca| &, 000) 1,000 | 1, 200 890 | 690} 490 | 435 
Washington, D.C. (Au- | | | | | 
gust)... = 4, 300 | 3,000 } 1,100 | 600 | 270 | 180 150 
Swan Island, West Indies | | | 
(August) _--- eee 1, 300 | 725 365 | = 325 | 225 





4. Temperature and Humidity Distributions 
Associated with Ground-Based Ducts 


The temperature and humidity structure within 
ground-based ducts appears to be somewhat different 
from that normally encountered in the atmosphere. 
This departure from the normal structure is an aid in 
distinguishing the different atmospheric mechanisms 
that give rise to ducts as well as helping the mete- 
orologist forecast ducting from his experience with 
the normal meteorological variables. 

The temperature and humidity structure of ‘he 
atmosphere during ducting conditions may be 
evaluated by noting that N is composed of a term 
proportional to the air density, D, plus a tem 
involving the partial pressure of water vapor, VV 
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These components are given by 


and 5 
we 3X10 RH, (16) 


2 77 : 


The gradient, AN, with respect to height may then 


be expressed : 
AN=AD-+AW. (17) 


two increments between the earth’s surface and 1 km 
above sea level for Fairbanks, Alaska, Washington, 
D.C., and Swan Island, W.I., in table 2. These 
data were determined from the Weather Bureau 
publication on long term mean upper air data [6]. 


TABLE 2. Gradient of N, D, and W (N units/km) 


February August 


Station Height increment 


Fairbanks, Alaska_| surface to 0.5 km 37 41; —4 31 27 4 
}0.5kmtol0km | 35 35 0 36 24 12 
Washington, D.C_.| surface to0.5km | 41 | 34 7} 60] 28] 32 
|0.5kmtol10km | 30 26 4 46 24 22 

| | 
Swan Island, West | surface to0.5km | 39 24 15 47 26 21 
Indies__... 0.5 km to 1.0 km 58 24 34 | 66) 2 42 


Several general observations may be made of the 
data of table 2. The gradient of the dry term is 
relatively less variable than that of the wet term 
when considered as a function of season or height; 
the increase of AN from winter to summer at a 
particular location or from arctic to tropical climate 
at a given time is most strongly reflected in AW 
rather than in AD. The marked increase of gradient 
with height for Swan Island reflects the drop of 
refractivity across the interface of the trade wind 
inversion where dry subsiding air overlies the moist 
oceanic surface layer. Note, however, that in all 
cases the average N gradient is significantly less 
than the --157 N units/km needed for ducting. 

Examples of the temperature and humidity 
structures within ducts typical of each of our three 
climates are shown in figure 7. The Fairbanks duct 
is accompanied by a surface temperature of —25° C 
with a strong temperature inversion and a slight 
humidity lapse indicating temperature inversions 
associated with wintertime cooling of the air next to 


th: ground. The Washington example appears to be 
ty ical of the temperate-zone temperature inversion. 
T! « Swan Island profile, however, shows a moderate 
la; se of both temperature and humidity. This 
ap arent contradiction is explained by the strong 
lapse in vapor pressure associated with the moderate 
lapse in temperature when the initial temperature is 
qne:r 30° C. The strong vapor pressure lapse 
presumably arises from evaporation off the sea 
jsuiace. This effect was further examined by study- 
inv the percentage of the total N gradient of each 





Average values of AN, AD, and AW are given for 


—AN|—AD|—AW|—-aN|—aD|-aw 
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duct that was contributed by the gradient of the 
dry and wet terms. The median contribution of the 
dry term gradient, summarized in table 3, displays 
strong seasonal and geographic differences. The 
dry term contribution decreases from summer to 
winter and from arctic to tropical climates. The 
Swan Island ducting gradients are at least 90 
percent due to humidity lapse, while the Fairbanks 
wintertime maximum is due to the strong tempera- 
ture inversion associated with very low surface 
temperatures. In fact, under these conditions at 
Fairbanks the vapor pressure actually increases with 
height with the result that the dry term contributes 
more than 100 percent of the ducting gradient. 


Median contribution of AD/AH to AN/AH for 
ducting conditions 


TABLE 3. 








| | r . | 
| Fairbanks | Washington, | Swan Island 
D.C. 


| ¢ % % 
February. | 103.0 | 73.0 | “9.5 
May.... 40.5 | 33.5 | 2.0 
August. aan eet 37.0 | 26. 5 4.5 
November-- é asi] 62.0 55.0 6.0 
| 





The data for Washington, D. C., however, appears 
to indicate that temperate zone ducting arises from 
a mixture of the arctic and tropic mechanisms de- 
pendent upon the season. It appears that the 
wintertime ducts in the temperate zone are of the 
dry-term arctic type while the summertime ducts are 
of the tropical humidity-lapse variety. 








300 : 
SWAN ISLAND 
8- 20-53, 1500 GMT 
200 + + t t + t + + | 
|_| 
| | 

100 2 eed concen mecca Hawes! Soreness — - 








+ Duct Thickness + 


ol 1 | 


























™ 0 
® 300 
o ] 
= oa WASHINGTON, 0c. | | 
te 8-19-53, 0900GmT> | 
vo | 
& 200 
5 
si } 
og | 
= 
yg 100 | | 
z ae, bas 
r= | Duct Thickness | 
Leu) 
: 
- 300 > 
FAIRBANKS, ALASKA | | 
3- 2-53, 1500 GMT | 
200 
} 
100 + 
ae eer | 
| Duct Thickness | 
O i = Ss © L Ra 
0 25 50 75 100 -40 -30 -20 -10 20 30 40 
Relative Humidity Temperature , Degrees Centigrade 


Figure 7._Temperature and humidity profiles for typica' 


ground-based ducts. 








5. Conclusions 


The results given above were derived from a con- 
sideration of radiosonde data. Although the radio- 
sonde is not an extremely sensitive instrument, it is 
readily available and forms the only source of cli- 
matic information involving the temperature and 
humidity structure of the atmosphere. It is be- 
lieved that the radiosonde data will at least yield 
information as to the climatic trend of radio ducts 
as well as their probable temperature and humidity 
distributions. Further, it is evident that the choice 
of stations may affect the actual percentage of ducts 
observed. For example, it is certain that a greater 
percentage of ducts would be observed over water 
in the subtropics than over Swan Island. Indeed, 
the kite soundings of the Meteor Fxpedition [7] indi- 
cate about a 50-percent incidence of ducting gradients 
(but not necessarily ground-based ducts) between 6° 
and 20° N latitude and between 9° and 30° 5 latitude. 

With these reservations in mind, the present study 
has shown: 

(a) Limiting layers occur no more than 15 percent 
of the time. 

(b) The annual cycle of the incidence of limiting 
layers is reversed for the arctic and tropical stations 
studied. The arctic station has a wintertime maxi- 
mum and the tropic station a summertime maximum. 
The temperate station has a summertime maximum 
incidence of less than 5 percent. 

(c) The maximum angle of penetration observed 
is 5.8 milliradians with a mean value of about 3 
milliradians. 

(d) The maximum observed lapse rate of N. is 
—420 N units/km. 

(e) The maximum thickness of observed limiting 
layers is such as to trap radio waves with frequeiicies 
greater than about 500 Me at all locations for at least 
50 percent of the observed ducts. 

(f) The limiting layers in the arctic appear to be 
associated with temperature inversions at ground 
temperatures of —25° C or less; temperate zone, with 
the common radiation inversion and accompanying 
humidity lapse; tropics, with a moderate temperature 
and humidity lapse for temperatures of about 30° C. 

One may wonder how much the above conclusions 
are affected by the choice of the antenna height 
h,=0. This question may be partially answered by 
a consideration of the climatic occurrence of ducting 
gradients with respect to height. Cowan’s analysis 
of ducting gradients has shown that such gradients 
may be found in as many as 40 percent of the ob- 
servations during some months at some locations. 
This same study indicates that the majority of 
ducting gradients are observed within the first kilo- 
meter above the earth and that the incidence of ducting 
gradients decreases rapidly with increasing height 
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becoming negligible for heights in excess of 3 ki 
The inference of these data is that the ground-base: 
duct statistics are representative of maximum condi- 
tions and that the effects of ducts will be negligible 
above 3 km. 

If, on the other hand, a climate is such that ele- 
vated ducts consistently form at some altitude, then 
the choice of antenna height would definitely bias the 
ducting statistics. For example, during the summer 
at San Diego and Oakland, Calif., an elevated duct 
is observed for 37 to 54 percent of the observations 
(8] with an average base 0.55 km above the surface, 
an average thickness of 0.275 km and an average 
gradient of 195 N units/km. This elevated duct 
would not trap any rays if h,=0. If, however, the 
antennas were located at the base of the duct (h, 
0.55 km) then all rays of @,<12 milliradians would 
be trapped. The angle of penetration would become 
less with increasing distance of the antenna below 
the base of the duct becoming zero when h, is 375 m 
below the duct base. 

In any case encountered in practice, however, one 
should either determine the duct incidence for any 
particular combination of antenna height and climate 
or consider the above statistics to be indicative of the 
relative climatic distribution of radio ducts. 





The author expresses his gratitude to G. D. Thayer 
for the preparation of an electronic digital computer 
program, to Mrs. B. J. Weddle and Miss M. F. Auer 
for aiding in the calculations of this paper, and to 
Miss G. Hoffmire for the preparation of the. manu- 
script. 
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Power Requirements and Choice of an Optimum Fre- 
quency for a Worldwide Standard-Frequency Broad- 


casting Station 


A. D. Watt and R. W. Piush 


(January 15, 1959) 


Calculations are presented for the expected transmission characteristics and atmos- 


pheric noise levels in the 8- to 100-ke band. 


When these are combined with carrier-to-noise 


requirements for a given precision of frequency comparison, it is indicated that a minimum 
radiated power in the order of 10 to 100 kw for frequencies in the vicinity of 20 ke will be 


required to provide worldwide coverage. 


Minimum observation times of 15 to 


30 min 


appear to be required for these transmitter powers in order to obtain a precision of frequency 


comparison of 1 


1 part in 10° for typical transmission paths. 


Carrier-to-noise requirements 


and the factors determining this ratio are considered for typical receiving systems. 


1. Introduction 


Observations by various investigators of the 
frequency stability of If and vif radio signals at 
great distances has led to the proposal by J. A. 
Pierce, et al. [1]! for a single standard frequency 
transmitter with worldwide coverage. Descriptions 
of various radio systems employed for comparing 
frequency are given by Pierce [2], along with the 
stabilities obtainable. Other observations on fre- 
quency stability are reported by Allan, Crombie, 
and Penton [3], and some of the possible advantages 
of a vif or If frequency standard over the present 
high frequency transmissions from WWYV are dis- 
cussed by George [4]. 

It is the purpose of this investigation to make 
preliminary determinations of the optimum. fre- 
quency and the power requirements for reliable 
coverage. The first objective will be to determine 
the radiated power required to provide this coverage 
us a function of frequency. Since the atmospheric 
noise level is well in excess of antenna or receiver 
thermal noise in this frequency range for reasonable 
sized antennas, we can write 

P,= li “14 Eamt+ C/N, ke T Figs (1) 
\ll factors are expressed in db: P, is the radiated 
ower relative to 1 kw, /, is the field produced at the 
eceiving location for 1 kw radiated relative to 1 

v/m, yy» is the median rms noise field in a 1 ke band 

‘lative to 1 wv/m, C/N, xo is the required rms carrier 

» rms noise in a 1 ke effective bandwidth for the 

ype of service involved, and 7, is a factor which 

sures this type of service for a given percentage of 
| hours in spite of the time variability of the noise 

: s well as the variation in carrier field strength due to 
ropagation effects. 


Figures in brackets indicate the literature references at the end of this paper. 
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2. Carrier Field Intensity Calculations 


Before calculating /, the field intensity anticipated 
for 1 kw radiated, we must first determine the dis- 
tance to the areas most difficult to serve. With 
the aid of a globe and noise maps by Crichlow, 
et al. [5], it readily becomes apparent that for a 
transmitter located near the Boulder Laboratories 
in Colorado the most difficult service areas in terms 
of carrier-to-noise requirements will be in the 
vicinity of Java or Madagascar. The distance to 
these areas is approximately 17,000 km. The 
transmission paths are over both land and sea 


water, and this should be allowed for in the final 
calculations. 
The large amount of recent theoretical and 


experimental work in the field of vif propagation [6] 
has placed us in a position where relatively accurate 
predictions of field intensity can be made in this 
frequency range. Studies by Wait [7] have presented 
expressions for the vertical electric field which can 
be well approximated for ranges in excess of 2,000 
km as 


E=~K+P,—10 logy f(ke) 
—10 logila sin(d/a)]—ad/1,000 (2) 


d>2,000 km, 


where F is the vertical electric field in db relative to 
1 uwv/m at a distance d from the source, d is this 
distance in kilometers, K is a constant (see appendix 
A) which equals 97.5 for day paths assuming an 
ionospheric height of 70 km and equals 94.8 for 
night paths where h=90 km, P, is the radiated 
power in db relative to 1 kw, f(ke) is the frequency 
in ke, a is the earth’s radius (~6,400 km), and a@ is 
the attenuation rate in db per 1,000 km. All except 
the last term represent the unabsorbed field expected 
from the dominant mode being propagated between 
two concentric spherical shells. The term a, which 








accounts for the fact that the shells are not perfectly 
conducting, will naturally vary with ionospheric 
conditions, ground conductivity, frequency, and 
perhaps to a small extent on direction of propagation 
with respect to the earth’s magnetic field. Experi- 
mental determinations of the factor a can be made 
either by employing equation (2), or by observing 
the rate of decrease in E with distance relative to the 
(a sin d/a) factor. Determinations of both types 
have been made employing observations by Round 
et al. [8], Pierce [9] and Heritage [10], along with 
theoretical calculations by Wait [11] for both single 
and double layer ionospheric models, and the results 
presented in figure 1. It should be emphasized that 
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Ficure 1. Attenuation coefficient for daytime conditions 
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these attenuation rates are only approximate media): 
values for low latitude paths with relatively few 
discontinuities and a fairly low percentage of land 
in the total path. Unfortunately, present knowledge 
in this field is not sufficient to permit extremely 
accurate predictions of a for all paths. It does 
appear, however, that @ is considerably greater for 
high latitude paths when appreciable lengths of low 
conductivity earth surface such as permafrost or 
glaciers are involved. In addition, the total loss 
over a path appears to increase when appreciable 
discontinuities in surface conductivity and/or height 
of the ionosphere are present over the path. This 
last effect which occurs when a sunrise or sunset 
boundary is crossed by the path may cause an 
effective decrease in carrier field by approximately 
6 to 10 db and 3 to 6 db respectively over some but 
not necessarily all paths. 

Since a@ varies appreciably with ionospheric 
conditions, our estimated a@ in figure 1 is only 
expected to be near some median value. Exper'- 
mental substantiation of the general shape of this 
curve in the low frequency region is given by at- 
mospheric noise measurements [12} and by Taylor [13] 
in his spherics observations.!. It should be pointed 
out that the nighttime attenuation values are 
expected to be more variable than the daytime 
values, and in addition @ will not increase as rapidly 
with frequency above 18 ke at night as is shown for 
the day conditions. 

The values of a from figure 1 are now employed 
in eq (2) for a 17,000-km path and an assumed 
radiated power of 1 kw. The results are shown in 
figure 2 where it is evident that at this distance the 
propagation path appears to have a rather narrow 
pass band centered around 18 ke. 

So far we have not considered the affects near the 
antipode where the signal is arriving from essentially 
all directions. In theory, at this point the electric 
field focuses and an appreciable build up of some 20 
db at 20 ke is possible. Observations in this area 
by Round, et al. [8] have shown that at times the 
measured field can be 20 db above that anticipated 
for a single path at this distance. Their observations 
also indicate, as would be expected, that beats are 
produced and that the received field is not very 
stable due to interference between the various pathlis. 
Some of this interference effect can possibly be 
reduced by loop and vertical antenna combinations 
or perhaps some type of angle diversity with loops. 
Fortunately, for a transmitting site near Boulder, 
the antipode is in the Indian Ocean where little use 
of the standard frequency broadcast service 1s 
presently anticipated. 

The possibility of whistler mode _ propagation 
producing interference as shown by Helliwell [23] 
should also be considered; however, again tiie 
conjugate point from Boulder is not in an area of 
great importance. 





1 Additional material by Wait [25] on attenuation rates including an extens ve 
bibliography has become available after this study was completed. In gener :|, 
the attenuation rates indicated by Wait are in good agreement with figure 1, 
although it is evident that further careful experimentation is desired to determ! \¢ 
with greater precision the shape of this curve and the frequency of minimvu 7 
attenuation. 
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Fiaure 2. Field intensity expected at 17,000 km for 1 kw 


radiated power. 


gts: recent (average 


Daytime, mixed land and sea path: land ~ 20 percent, sea ~ 
2 and a of figure 1. 


ionospheric conditions assumed). Calculations based on eq 2 


3. Atmospheric Noise Levels 

The second term in eq (1), Exm describes the 
median rms noise field in a 1-ke bandwidth, and 
values anticipated in the regions considered can be 
found in CCIR Report No. 65 [5]. The maximum 
level anticipated during the summer months corre- 
sponds to a noise grade of 90 db at 1 me, and the 
anticipated median values in the frequency range 
considered are shown in figure 3. Since the high 
noise level results from local thunderstorm activity, 
and the predictions are extrapolated to 10 ke from 
higher frequency measurements, the shape of this 
curve has been slightly modified to agree with the 
average spectrum of the radiation component from 
lightning strokes [12]. In addition, several points 
have been included from an earlier paper [14] along 
with a typical winter curve [12]. 


4. Carrier-to-Noise Requirements 


The ratio of rms carrier to effective rms noise in a 
I-ke bandwidth, C/N; xe, is useful in defining the 
amount of carrier power required for a satisfactory 
letermination of frequency. Pierce [2] has shown 
ihat several different types of equipment are pres- 
ently employed for frequency comparison, and the 
ictual C/N, ke required will undoubtedly vary with 
ihe characteristics of the receiving equipment and 
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Ficure 3. Typical atmospheric noise field strengths. 


Rms values in a 1-ke effective bandwidth. 


the amount of effort spent in attempting to separate 
the desired energy from the undesired noise energy. 


It is well known that the carrier-to-noise ratio 
required to make a frequency comparison is depend- 
ent on the precision required and the period of time 
allowed to make the frequency comparison. The 
precision of frequency comparison is defined as 
e=of,/f where f is the standard frequency, and ofg 
is the standard deviation of the frequency difference 
between the resultant received frequency and the 
standard frequency.’ Since there is a definite mini- 
mum time required for a given precision of frequency 
comparison due to propagation path phase instabil- 
ities, we must consider this effect first. This effect 
is analyzed in appendix B where it is shown that 
the € obtainable is independent of observing time for 
periods short compared to the carrier fade period 
and then becomes inversely proportional to this 
period for some systems. It also appears that for 
periods long compared to the carrier fading that 
some systems provide a decrease in e which is pro- 
portional to the 3/2 power of time. Calculations in 
the 20-ke region indicate that frequency comparisons 
can be made with a precision of one part in 10° 
in observing periods of 15 to 30 min. 

The factors which determine required C/N, xe are 
considered in appendix C. The results are shown 
in figure 4 which gives anticipated values of C/N; xe 
for several observing times. It is interesting to note 
here that if the carrier is required to carry informa- 
tion at an appreciable rate (such as 60 words/min) 
over an automatic teletvpe x ae that the value of 
C/N, xe may be approximately 18 db for 0.1 percent 
errors [15]. The very great increase in required 
powers for communication is 1 ‘eadily seen. 


2 In order to conform with general usage, it shouldJbe noted that as the ability 
to accurately compare frequency increases, the value of ¢ actually decreases. 
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Figure 4. Carrier-to-noise requirements as a function of fre- 
quency for a frequency comparison with a precision of 1 part 
in 10° in observing periods indicated, based on eq (C6). 
Eq (C6): 
C/Ni ye(dt) = —106—20 log e—20 log fxe—30 log T,, 
where e=required precision 
Skc=frequency in ke 


T=observing period (seconds). 
NoTE.—Equivalent receiver bandwidth ~ 1/T. 


5. Calculations of Required Radiated Power 


The next term in eq (1) is 7;,, the allowance which 
must be made to provide the level of performance 
specified for a given percentage of all hours. A 
value of 90 percent of all hours was chosen as being 
reasonable for the type of service involved. Tz», 
shown as the lower curve in figure 5, represents the 
additional allowance which must be made for the 
variability in atmospheric noise levels, and 7’,, is the 
allowance for signal level variability. 7, is obtained 
by taking the square root of the sum of the squares 
of the individual variances of 7',, and T7,,. This 
yields the upper curve, and it can be noted that both 
the noise level and anticipated transmission loss 
variability combine to require a margin that increases 
with frequency above 20 ke. The inserted curve on 
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Figure 5. Signal fading and noise variation margin for 90 
percent of all hours. 
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figure 5 may be used to determine 7’, for less than 
90 percent of all hours. For example, where 7, for 
90 percent of all hours is 10 db at 20 ke, 7, for 74 
percent of all hours is 50 percent of 7’, (90) or 5 db 
at 20 ke. 

When all of these factors are properly combined, 
we obtain the curve shown in figure 6 which indicates 
minimum required radiated power at around 19 ke. 
It is interesting to observe that this low-loss vlf pass 
band is very close to the region where the majority 
of vif transmitters are presently located. 

The 2 kw of radiated power required for the 50-min 
observing period must be considered as a minimum 
value. It may be desirable to increase this value of 
radiated power to provide a margin of performance, 
and before a final choice is made, estimates should 
be prepared of the initial and operating costs versus 
radiated power for stations with capabilities ranging 
from. 1 kw to 200 kw. 
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Figure 6. Radiated power required for a worldwide standard 
frequency broadcasting station. 
Calculations based on a primarily daylight path of 17,000 km to the vicinity of 


Javaor Madagascar (estimated most difficult service areas). Transmitter located 
near 40° N, 105° W 


6. Antenna Considerations 


The factors involved in the design of an antenna 
to radiate economically the powers indicated in 
figure 6 are extremely complex. ‘To give some idea 
of the effect of antenna characteristics on the choice 
of an optimum frequency, we can consider the trans- 
mitter power requirements based on the use of an 
antenna with properties similar to the NSS Annap- 
olis, Md., antenna. The characteristics of this 
antenna expressed as antenna loss in decibels as a func- 
tion of frequency are shown in figure 7. Althoug!: 
this is a rather complex antenna, consisting of nine 
600-ft towers and capable of radiating approx! 
mately 200 kw at 20 ke, it can be shown that ver. 
similar loss characteristics could be obtained with : 
less expensive antenna if the radiated-power require 
ments were lowered. 

Assuming the antenna characteristics in figure 7 
we have shown by the curves in figure 8 the trans 
mitter power required to furnish the service specified 
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Fiaure 7. Antenna power loss and maximum power capability. 


NSS Annapolis: nine 600-ft towers. 
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as a function of frequency. It should be emphasized 
that even if it were feasible to generate the powers 
which appear to be required at the lower frequencies, 
around 10 ke, that existing vif antennas are not 
capable of radiating such powers due to corona 
limitations. This fact would be true of all known 
or planned antennas. 

This voltage limiting effect which makes it more 
expensive to radiate a given amount of power as the 
frequency is decreased in this range must also be 
considered before a final choice of optimum frequency 
ismade. It is not likely that this factor will increase 
the optimum frequency very much, but its influence 
should not be overlooked in a detailed study. 


The authors are indebted to the following: K. A. 
Norton, J. R. Wait, W. W. Brown, F. M. Malone, 
A. H. Morgan, L. R. O. Storey, and W. D. George 
for helpful discussions and information; and to Mrs. 
W. Mau for her assistance in the preparation of the 
manuscript. 


7. Appendixes 


7.1. Appendix A: VLF Vertical Electric Field 
Intensity 


Wait [7] has shown that the vertical electric field 
from a vertical current source can be written as 


Y —K Ee 
7?) sin (d/a) 


where F;, is the field of the source on a perfectly con- 
ducting flat earth at a distance d from the source, 
d is this distance, a is the earth’s radius, h is the 
height to the ionosphere, and \ is the wavelength, 
all in the same units. .A/U represents a more com- 
plex expression in the original formula which in 
essence is the ratio between the actual field and the 
unattenuated field that would result if both earth 
and ionosphere were perfectly conducting spherical 
shells. 
Using the well known relations 


8 (d/d)” 
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A/U, 


, 3X10 yP, (kw) 


, = ————_ pv/m, (A2) 
E, d (km) ae 
and 
300 
(km) Fike)’ (A3) 
we can write 
a) 6:/P Teas 
Ean 5.2X10P, (kw) _ 1/U. (A4) 


[a sin(@d/a)]*-1f (ke) -h(km) ~ 


where it is interesting to observe that if A/U’ re- 
mained constant, /, would be inversely related to 








h and yf. In the actual case A/U is a function of 
both of these factors. The complete expression for 
A/U involves the summation of many modes; how- 
ever, at a distance in excess of 2,000 km, the first 
order mode is dominant and the attenuation can be 
expressed in terms of a simple exponential decay 
usually given in terms of @ (decibels per 1,000 km). 
When this is employed and (A4) is expressed in 
logarithmic terms, we obtain eq (2). 


7.2. Appendix B: Transmission-Path Phase Stability 
and Signal-Integration Times Required for Speci- 
fied Frequency-Comparison Precisions 


When a standard frequency broadcast is propa- 
gated via the ionosphere, Pierce [2] has shown that 
the diurnal changes of ionosphere heights, as well as 
the apparent roughness of the ionosphere, introduce 
effective transmission time variations. These vari- 
ations in propagation time introduce phase variations 
on the received. carrier, and the differential of these 
phase variations with respect to time represent the 
apparent instantaneous frequency deviations of the 
received carrier from the standard broadcast fre- 
quency. 

The present state of the art in oscillator develop- 
ment has reached a point where these instantaneous 
frequency deviations introduced by propagation are 
considerably greater than the instabilities of | the 
oscillator itself. Therefore, it becomes necessary to 
devise methods of reducing the effect of these propa- 
gation path induced frequency variations when 
accurate comparisons of frequency are desired. It 
has been shown by Pierce [2] that increasing the time 
of observation permits a more precise frequency 
comparison, and it is the purpose of this analysis to 
describe some of the factors involved in the amount 
of precision which is obtainable in a given length of 
time. 

We shall first assume a very stable oscillator at 
the transmitting location with a frequency f,. At 
the receiving location the frequency received f, is 
not necessarily equal to f, since the propagation 
path introduces a delay which varies with time. 
This variation in delay can be separated into a large 
diurnal variation with a smaller random com- 
ponent [2]. The standard deviation of this latter 
component expressed in degrees is defined as og 
where typical values from Norton [16] are shown in 
figure 9 as a function of frequency for a single-hop 
path. 

Assuming a condition where the diurnal phase is 
constant, the output of a phase detector at the 
receiving location relative to a highly stable local 
frequency source, will have the form shown in figure 
10. The average observed frequency difference 
between the local oscillator f, and the received 
carrier f, will depend on the type of observation 
made. 

Case I: The instantaneous frequency as derived 
by Carson [21] is the time derivative of phase, and 
the instantaneous frequency difference between f; 
and f, is 
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Figure 9. Median effective ionospheric roughness parameter, 
on, obtained from observations of oa, 
og (degrees) =2.4 fx. cos di a, (Km). 


(See table B1 for sources ) 
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Figure 10. Transmission-path phase variation. 
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. 1 : ; 
fe (instantaneous) = 35 «7 Q(t), (B1) 


where fz is in eps and Q (f) is the phase difference in 
degrees between the carrier field at the receiver and 
a constant local reference. Measurements employ- 
ing an instantaneous comparison of f; and f, will 
obviously have large excursions and, in view of this, 


we can consider averaging over a given interval 7 


as shown in figure 10. 
Case II: If the receiving system only sampled 
Q (t) at times ¢, and f., we would obtain 


_ %—-2Q) . 
fa (@V8) = 360 7 (B2) 


When T is short compared to the average carricr 
amplitude fade or phase variation period, 7, fa(avg) 
fa (instantaneous); while if 7 is long compared to a 
fade, Q; and Q are independent. If the standard 
deviation of the received carrier phase og is know, 
we obtain a total phase variance of ¥2 09 and as 2 
result 

v200 


ofa (aVE)=265 7 Tt (B33) 
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where of, (avg) is the standard deviation of the 
average frequency difference over a period 7 from 
the true transmitted frequency. 

Case III: A more desirable type of observation 
would be to integrate Q (¢) over each consecutive 
period 7’ such that the standard deviation of Q out of 
the integrator at the end of each period is [22 


a 


Be f as 
oO: 4 V'/r T/r>1 (B4) 


where 7 is the average fade period of the received 
carrier, Using this type of observation and com- 
bining (B3) and (B4) we obtain 


T/r>>1. (BS) 


1 
° oot? 
of, (integrated avg) ~ 360 TH 


This standard deviation of frequency difference can 
be used to obtain the precision of frequency com- 


parison, e, where 
e=ofa/fi- 


In all cases, we will consider the phase for a single 
ray path and assume that the phase variation will 
increase directly with the square root of the number 
of ionospheric reflections m. It is also assumed that 
these paths are near grazing incidence which pro- 
duces a minimum value for cos g; of 0.15 where ¢; is 
the angle of ionospheric incidence. Employing 
these assumptions we obtain from figure 9 


(B6) 


oo (deg) =360 X 107° y m-f-on. (B7) 
Since in eq (B1) og is not given, we can observe that 
for phase variations of the type considered 


koo 


~ 3607 (B8) 


ofa 
where 7 is the average fade or phase variation period 
and experience has indicated values for k in the 


order of 4. 
Combining eq (B6) and (B7) with (B8), (B3), 


TABLE B-1. 





Estimates of the variance of phase on ionospheric paths 


and (B5), respectively, we obtain the following pre- 
cisions for each of the three cases considered. 


Case I—instantaneous precision 


_ ky m-on 


€| ~ 10°r_ ) (T<0.1 T) . (B9) 


Case II—average precision 


Ve Vm-on TN « 
e= ip’ (T>3r). (B10) 
Case I1I—integrated average precision 
ee Taek (B11) 


= 087% ” 


Since the average fade duration 7 is required in 
cases I and III, an estimate of 7 over the frequency 
range in question is given in figure 11. Combining 
these values with those obtained from figure 9, we 
obtain the estimated precision obtainable over a 
17,000-km path at 20 and 50 ke, neglecting noise, 
shown in figure 12. The solid curves are experi- 
mental values from Pierce [2] for a somewhat shorter 
path. The single ray path analysis in effect implies 
that ¢ will increase with the square root of path 
distance. Actual data on the distance effect is 
unfortunately not available; however, it is expected 
that in the 20-ke vlf region and for long paths several 
ray paths will combine so as to reduce the fluctua- 
tions in phase. This will reduce ¢ below the values 
indicated for the single ray path. 

It is interesting to observe that in the 16- to 20-ke 
region and for large values of 7, € is proportional to 
1/T. This probably results since the periods re- 
quired are so long that the path phase is not inde- 
pendent of diurnal phase effects and eq (B11) does 
not apply. In the 50- to 60-ke region T is greater 
than 37 for periods less than 20 min. As a result 
eq (B11) can apply. From Pierce’s observations 
it is also seen that for large values of 7, € is now 
proportional to 1/T*”. 








No. | Frequency | Distance Source Time Month Tobs. Ss V2(1 —p)? on Mode | cos¢@ oh 
Statute 
ke miles Degrees |X | m km 

1 16 3, 230 | Pierce [2]--- Day..... February 8. 06 | 8.06 3 | 0.146 0. 829 
2 16 3, 230 | do. Night. do. 16. 1 x 16, 1 3 .170 1. 424 
3 17.2 640  Redgment [17]. _- Day. ... September. - 1.9 10 1.00 1.9 1 . 174 0. 265 
4 17.2 640 |. do Night_ .do. 9.3 10 1.00 9.3 1 . 206 1. 093 
5 17.2 640 .do- Day. .-. January... 5.2 10 1. 00 6.2 1 .174 0. 726 
6 17.2 640 | _ do- Night_ a G0... 13.3 10 1.00 | 13.3 l 206 

7 18.4 3, 488 _do Day... -- June and July.-- “a 10 1.00 (a 3 144 

8 18.4 3, 488 |. do_ Night_ : 10.0 10 1.00 10.0 3 169 

9 18.4 3,488 |_ do- Day... .. December-..- 6.5 10 1.00 6.5 3 . 144 
10 18.4 3, 488 |_ do_ Night_ Cae 6.5 10 1.00 6.5 3 169 

11 60 3, 230 | Pierce [2]-__- Day.---- Os. ~s 2.8 2.5 3 146 . 077 
12 100 2,350 | Doherty [18]. —- Night April... 10.8 |>40 1.41 7. 64 l 165 . 193 
13 115 780 | Florman [19]--- . March... 13.3 11 1.00 13.3 1 . 189 . 255 
14 115 780 |. do. Day---- ca 2.7 11 1.00 272 1 . 158 . 062 
15 418 1, 250 Ee Night_ = ie 51 41 1,41 36. 1 1 . 167 . 216 
16 543 380 | Brennan [20]--- RE oe January to April_- 34 3. 39 0.83 | 41.0 1 . 371 . 085 
17 556 454 Redgment [17] do. .| April and May..-- 19 1.85 0.63 | 30.2 l 334 068 
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7.3. Appendix C: Carrier-to-Noise Requirements for 
Precise Frequency Measurement 


In all physical measurements there is a noise level] 
which limits the degree of precision with which a 
given measurement can be made. The precision of 
frequency measurement can be determined from the 
precision with which a given number of degrees of 
carrier phase rotation can be measured. For ex- 
ample, if a carrier is contaminated with a small 
amount of narrow-band noise, the maximum phase 
variation of the resultant is @n4x=n/c where n and c 
are peak noise and carrier values. If we now desire 
the standard deviation of phase og, we can replace 
n with N and ¢ with ¥2 C and obtain 
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Figure 11. Estimated fade period r for a long distance daytime 
path d>10,000 km. 
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Figure 12. Calculated precision of frequency comparison 


obtainable for a 17,000-km daytime path. 


Theoretical curves based on ionospheric roughness given in figure 9, estimated 
fade period 7 given in figure 11, and an assumed m=7 ionospheric reflections. 
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= 7 
2 ¢ 


where C and WN are the rms carrier and noise voltages 
[24]. 

If we now assume that our true period is 277 
radians where 7 is the number of whole cycles in our 
observing period and since ¢ is normally distributed, 
the total uncertainty or phase jitter is ¥2 o, radians, 
and the precision is given by 


e=720,/2n7, 
or we can express the precision obtainable as 


N/C 
en) C/N>1. 
2ur 


(C2) 
If we now consider a receiving system where we 
integrate the phase output over an observing period, 
T, and compare it with the integrated value of the 
preceding period as in eq (B4), we obtain a reduc- 
tion in phase jitter of approximately (7-BW)7!” as 
long as 7T>1/BW, where BW is the effective rf 


_ bandwith of the receiver before the final integration. 


Employing this correction to (C2), and observing 
that r= T7-f, where T is the period of measurement 
in seconds and f is the frequency in cycles per sec- 


| ond, we obtain 


NIC C3 
2nfT* BW 


It should be emphasized that this expression ap- 
plies only to the type of observation described, and 
it is not necessarily equal to the optimum obtainable. 

Before employing (C3) we must be sure that !n- 


| accuracies of measurement which can occur in some 


systems do not arise due to a miscount of a whole 
cycle. This requirement is met by being sure that 
the noise envelope is less than the carrier for a spevi- 
fied percent of all time. Since the noise envelope is 
Rayleigh distributed, a protection of 1,000 to 1 Is 
obtained with C/N=8.5 db, and 10,000 to 1 with 
9.6 db. The actual probability of having the noise 
envelope remain below the carrier envelope for a 
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whole period T is found by taking the probability 
of one independent sample being correct and raising 
it to a power determined by the total number of 
independent samples which could be made in the 
whole sample. This power is approximately equal to 
BW-T which for a BW of 0.01 eps, and a T of 1 hr 
is 36. If we choose the C/N=8.5 db case, we must 
raise 0.999 to the 36th power which yields a 96.7 
percent probability of being free from errors of a 
whole cycle or more. It should be pointed out that 
this requirement which in effect places a threshold 
on the C/N in the receiver pass band is not always 
necessary since it is possible to locally introduce the 
correct number of whole cycles if the local standard 
is approximately correct. 

Returning to (C3) and expressing C/N in decibels, 
we can write 


C/N (db) = —76—20 log e—20 log f(ke) 


—30 log T—10 log BW. (C4) 

Since many different receiver combinations can be 

employed, it is desirable to obtain our results in terms 

of the rms carrier to rms noise in a 1-ke bandwidth 
expressed in decibels which is obtainable from 

oe eae 1,000 és 

C/Nixe= C/N (db) — 10 log Bw’ (€ »D) 

where BV is the receiver bandwidth in cycles per 

second. Combining (C4) and (C5) we obtain 

C/N ike * — 106—20 log e—20 log f(ke) 


—30log T, (C6) 
where it is seen that for a coherent type of detection 
the results are independent of receiver IF band- 
width. Typical ranges of C/N. for a precision of 
frequency comparison of one part in 10° are shown 
as a function of 7 in figure 13, and as a function of 

When 7 approaches the carrier fade period 7, 
deseribed in appendix B, the effective carrier ampli- 
tude is reduced and (C6) no longer holds. In fact 
when 7’ is several times 7, it is expected that the last 
erm in (C6) will approach a decrease of 10 db per 
lecade rather than 30. Since this effect is quite 
complex, including the shape of the power spectrum 
f the received field, we have only shown estimated 
('/Nixe Values by dashed lines in this region. In 
iddition, diurnal effects are expected to limit the 
alidity of all these curves to values less than 15-K 
ec, 
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Measurements of Phase Stability Over a Low-Level 
Tropospheric Path 
M. C. Thompson, Jr., and H. B. Janes 


(February 19, 1959) 


A knowledge of the statistics of atmosphere-induced variations in the phase of the 
received signal (i.e., variations in electrical path length) is essential in evaluating the reliabil- 


ity of any system using radio waves for measuring distance and/or velocity. 


This paper 


describes an analysis of phase variations measured at 9,400 megacycles per second over a 9.4- 


mile path near Boulder, Colorado, during a 40-hour period in September 1958. 


The power 


spectral density of these variations is shown to be approximately proportional to f~*8 over 


a wide range of frequencies throughout the period of recording. 


The long-term phase 


variations are closely correlated with atmospheric refractivity measurements made at the 


path terminals, 
1. Introduction 


The National Bureau of Standards has been con- 
ducting a series of experiments to study the instability 
of the phase of vhf, uhf, and microwave radio signals 
transmitted over line-of-sight paths.’ These experi- 
ments have included measurements of phase stability 
over “slanted”? paths such as the Pikes Peak to 
Garden of the Gods path near Colorado Springs, 
Colo., and the Haleakala summit to Puunene path 
on the island of Maui, T.H. This paper describes 
some measurements of phase stability made at 9,400 
Me over a 9.4-mile path from Green Mountain mesa 
to Table mesa near Boulder, Colo. This path differs 
from the ones mentioned above in that both terminals 
are at approximately the same altitude. The data 
consist of: (1) 40 hr of continuous recording of long- 
term variations in the phase of the radio signal; (2) 
10 hr of continuous atmospheric temperature, pres- 
sure and relative humidity recordings; and (3) 21 
samples (each approximately 5 min long) of short- 
term phase variations. The analysis of these data 
consists of: (1) Estimation of the power density 
spectrum of the phase variations, using both long- 
term and short-term recordings; (2) estimation of 
the power density spectrum of the corresponding 
variations in radiofrequency of the received signal; 
and (3) correlation of the long-term variations in 
electrical path length (from the phase records) and 
surface refractivity (from the meteorological records). 


2. Path Terrain and Weather 


Figure 1 shows the location of the propagation 
path. It extends from Green Mountain mesa about 
> mile west of the NBS, Boulder Laboratories, to 
lable mesa about 9 miles north of the Boulder Lab- 
ratories. The path length is 9.4 miles. As shown 
n figure 2, each antenna was located at the edge of 
. steep slope to avoid ground reflections in the 


1J. W. Herbstreit and M. C. Thompson, Jr., Measurements ot the phase of 
adio waves received over tiansmission paths with electrical lengths varying as 
: result of atmospheric turbulence, Proc. IRE 43, 1391 (1955). 
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immediate vicinity. The path passed over two 
valleys which slope downward from west to east and 
are separated by a relatively flat mesa. This mesa 
contains a small lake (Roberts Lake), and appears to 
constitute the major ground-reflection area. 

The measurements were made during the period 
1100, September 15, to 1625, September 17, 1958. 
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Figure 1. Green Mountain mesa—Table mesa path. 
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Figure 2. Terrain profile of Green Mountain mesa— 
Table mesa path. 


Weather conditions over the path during this period 
are summarized graphically in figures 3 and 4, which 
show the wind velocity, barometric pressure, tem- 
perature, and relative humidity observed at the path 
terminals, and in the notes on figure 5. A cold front 
moved across the path in a direction approximately 
normal to the path during the period 1000 to 1200 on 
September 15. The winds, temperature drop, and 
increase in relative humidity are indicated by figures 
3 and 4. From about 1300 until 1830 the sky was 
overcast in all directions and a light rain fell steadily 
over all or part of the path, amounting to about .17 
in. total accumulation. During the night patches 
of ground fog developed. As daylight came on 
September 16, from the tops of the mesas (the path 
terminals) fog could be seen for many miles to the 
northeast, east, and southeast, lying in the low areas 
of the terrain. Following sunrise at about 0540, 
these pockets of fog gradually disappeared until by 
1000 the entire area was clear, with excellent visibility 
and partially cloudy sky. Pikes Peak, at a distance 
of 90 miles, was clearly visible from the Table mesa 
site from the onset of daylight. The remainder of 
the run was conducted in completely clear weather 
conditions. 
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Figure 3. Summary of phase and meteorological data. 
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Figure 4. Summary of phase and meteorological data. 


3. Phase Measurement System 


The phase variations were measured by a system 
described earlier.? It consists essentially of a quasi- 
symmetrical arrangement in which two signals are 
compared after having traversed the same path in 
opposite directions. The measuring system employed 
had a noise level of the order of 0.1 deg of phase due 
to combined thermal noise and electronic instabilities. 
At the operating wave length of about 1 in., this un- 
certainty corresponds to a physical displacement of 
either antenna (along the line of the path) of about 
350 win. Thus, the need for rigid antenna supports 
is apparent, and solid concrete piers 2 ft in diam 
were used as mounts for the 18 in. parabolic dishes. 
The antennas were from 2 to 5 ft above the immediate 
ground level. The frequency of the microwave meas- 
uring signal was stabilized to a few parts in 10° using 
a phase-lock technique.’ 

The actual phase comparison was performed by a 
commercial electronic phase meter in conjunction 
with an electromechanical instrument developed at 
the Boulder Laboratories. 

Two recording circuits were used to measure the 
phase variations in order to study the power spec- 
trum over as wide a range of frequencies as possible. 
The output of one, referred to as the low-pass re- 
cording, consisted of a Varian chart moving at thie 
rate of 0.1 ipm. A full-scale sweep of the pen repre- 
sented a change of 1,800 deg in the difference be- 
tween the phase of the signals received at the two- 
path terminals (almost) simultaneously. The “sin- 
gle-path phase” data discussed here was obtained b) 
simply dividing this ‘two-way phase” by two. Th 
frequency response characteristic of this recordin 
circuit is essentially flat up to about 1 cps. However 
since the primary purpose of this record was to meas 
ure gross changes in phase, the dynamic range and 
chart speed used necessarily precluded the study o! 
spectral frequencies above about 1 cpm. It wa 


2M. C. Thompson, Jr., M. J. Vetter, Single path phase measuring system fc 
three-centimeter radio waves, Rev. Sci. Instr. (1959). 
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Figure 5. 


possible to record a wide range of values without loss 
of continuity because of an automatic scale-shifting 
arrangement which prevented the trace from going 
off seale. 

The output of the second phase recording circuit, 
referred to as the band-pass recording, consisted of a 
Sanborn chart having full-scale ranges of 1.6 to 8 
single-path deg and moving at the rate of about 60 
ipm. Its frequency response characteristic consisted 
of a pass-band extending from about 0.03 cps to 
about 30 eps. This circuit was operated for 21 
periods, each about 5 min in length, distributed over 
the 40-hr period. 


4. Power Spectrum of Phase Variations 


One of the principal objectives of the experiment 
was to obtain information on the power spectrum of 
time variations in the phase of a microwave signal 
propagated over a line-of-sight path. The power 
spectrum might better be considered as the variance 
density spectrum, since it shows graphically how 
much of the total variance (mean squared deviations 
rom the sample mean) was contributed by variations 


SEPTEMBER I6, 1958 SEPTEMBER I7, 1958 


Comparison of variations in effective path length with average of surface refractive index at path terminals. 


occurring in each of several narrow frequency bands 
distributed over the pass-band of the recording 
equipment. The method of estimating the power 
spectrum used here is that given by Blackman and 
Tukey.’ Briefly, it consists of computing the Fourier 
cosine transform of the autocovariance function and 
applying appropriate weighting functions to the 
result. 

Seven of the twenty-one Sanborn recording periods 
were chosen for the power spectrum analysis, “the only 
criterion used in their selection was that they be 
fairly evenly spaced over the 40-hr period. The 
analysis of each period consisted of first computing 
the spectrum in the range 0.83 to 12.5 eps for two 
adjacent data segments each 0.5 min in length, 
using a sampling interval of 0.04 sec. Then the two 
segments were combined, the sampling interval in- 
creased to 0.2 sec and the spectrum computed for the 
range 0.083 to 2.5 eps. This yielded 14 sample 
spectra in the higher frequency range and 7 in the 
lower range of the Sanborn records. 


3 R. B. Blackman and J. W. Tukey, The measurement of power spectra ms 
the point of view of communication engineering, Bell System Tech. J., Pts. 1, 2, 
37, 185, 485 (1958). 
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From consideration of the frequency response of 
the recording circuit, it is felt that the seven lower 
range spectra are not seriously contaminated by fre- 
quencies below 0.083 cps. However, the data for the 
14 higher range spectra were subjected to a digital 
trend removal process,’ since they would otherwise 
be contaminated by variance contributed at fre- 
quencies between the lowest spectral frequency esti- 
mated (0.83 eps) and the lower limit of the pass-band 
(about 0.03 cps). (In all cases, the spectra were 
corrected to allow for the recording circuit response.) 


4 This process consists simply of computing the deviations of the variable from 
a running average, computing the power spectrum of these deviations, and cor- 
recting the result for the frequency response of this high-pass “‘filter.’’. This, in 
effect, filters out variations at spectral frequencies below a cutoff frequency which 
is determined by the averaging time. 





The analysis of the Varian low-pass data consisted 
of first digitizing the entire 40-hr run with a sampling 
interval of 0.5 min. Then five sample spectra were 
computed, each using 6 to 8 hr of data, covering th: 
range from 0.00111 to 0.0167 cps, (45 to 1 epm). 
Then two sample spectra were computed, each using 
15 hr of data and covering the range from 0.000278 
to 0.00417 eps (%o to 4% epm), and finally, one spec- 
trum utilizing all 40 hr of data and covering the fre- 
quencies from 0.0000926 to 0.00139 cps (8 cycles per 
day to %2 cpm). In each case, the data were sub- 
jected to the trend removal process to minimize the 
effects of variations at frequencies below the range 
covered in the computation. 

The individual spectral densities for each sample 
are plotted in figure 6. The points shown as open 
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FIGURE 6. 


Power spectrum of phase variations in 9,400 Me transmissions over a 9.4-mile path. 
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dots were computed from data recorded during the 
stormy afternoon of September 15. The phase re- 
cording during that period was characterized by rapid 
fluctuations which did not recur during the remainder 
of the experiment. The corresponding spectra were 
sufficiently different from all the subsequent ones to 
warrant distinguishing them from the rest. The solid 
lines join the medians of the sample spectral densities 
for each group of spectra, excluding those shown as 
open dots. The range of the points at any given fre- 
quency is determined both by sampling fluctuations 
and by more or less long-term changes in propagation 
conditions. Some measure of the relative mag- 
nitude of these two effects can be obtained by 
considering the distribution of spectral densities 
to be expected if the samples had been taken 
from the same statistical population, i.e., if the time 
variations in phase constituted a stationary process. 
In that case the spectral density estimates at each 
frequency would be distributed according to the chi- 
squared distribution with an effective number of 
degrees of freedom determined by the number of data 
points used in each estimate; the number of fre- 
quencies for which estimates were computed; and, to 
a very limited extent, by the slope of the spectrum. 
Using the sample median to approximate the ‘‘true”’ 
median, the dashed lines labelled ‘95 percent sta- 
bility limits” represent the bounds within which 95 
percent of all such spectral estimates might be ex- 
pected to fall if the process were indeed stationary. 
In view of the large long-term changes in phase and 
meteorological conditions shown in figures 3 and 4, it 
is not surprising that about 50 percent of the spectral 
estimates fall outside the 95 percent stability limits, 
indicating systematic changes in spectral density 
over the 40-hr period. In fact, it is remarkable that 
the sample spectra are so similar, both in slope and 
magnitude. 

It will be noted that there is a tendency for the 
slope to approach zero at the high frequency end of 
-ach set of spectra. This is caused by ‘‘aliasing’’, or 
the addition to the computed densities of power actu- 
ally present at the higher frequencies For spectra 
having steep slopes (such as these) aliasing causes an 
error which is about two to one at the highest fre- 
quency of each spectrum and which diminishes 
rapidly with frequency. Additional flattening of the 
spectrum above about 6 cps is probably caused by 
“noise” introduced in the process of reading and 
analyzing the data, and should be ignored. Making 
allowances for aliasing and reading error noise, it 
appears that the slope of the phase spectrum is essen- 
tially constant over the range from 8 cycles per day to 
12.5 eps, the power density being approximately 
proportional to f-?-’, 

Figures 7 and 8 show the seven spectra from the 
lower frequency range of the Sanborn data and the 
five spectra from the high-frequency range of the 
Varian data identified individually by time of day. 
In general, there appears to be no outstanding corre- 
lation between these spectra and either the time of 
day or gross meteorological variations (with the 
obvious exception of the spectra taken from the 
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7. Sample power spectra of phase variations in 9,400 
Mc transmissions over a 9.4-mile path. 


FIGURE 


Low-pass Varian recording. 


stormy afternoon of September 15). One is tempted 
to attach some significance to the fact that the phase 
rariance was somewhat lower during the period of 
high humidity following the storm than it was later 
during the period of warmer and drier weather. This 
is, of course, too small a data sample to warrant 
drawing any conclusions, and the correlation of 
phase and meteorological data will be more thor- 
oughly studied in subsequent measurements. 
During the afternoon of September 17 (after the 
40-hr run), the polarization of the antennas at both 
ends of the path was changed from horizontal to 
vertical and back again to horizontal. A spectrum 
analysis of samples of phase variations before and 
after the changes indicated that polarization has no 
apparent effect on the phase spectrum. This lends 
some support to the belief that there is little possi- 
bility of multipath effects caused by ground reflec- 
tions from the mesa at Roberts Lake (see figs. 1 and 2). 
In summary, the phase spectrum analysis described 
here indicates that: (1) The slope of the power spec- 
trum is nearly constant over the range of frequencies 
from 0.0001 eps to about 10 eps, the spectral densities 
being roughly proportional to f~*’; (2) except for the 
afternoon of September 15 when a rainstorm crossed 
the path and caused large high frequency fluctuations 
in phase, the power spectrum remained fairly con- 
stant as a function of time, both with regard to 
magnitude and to slope; and (3) the phase variations 
appear to be insensitive to changes in polarization. 
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Figure 8. Sample power spectra of phase variations in 9,400 Mc transmissions over a 9.4-mile path. 


Band-pass Sanborn recording 


5. Power Spectrum of Radiofrequency 
Deviations 


The time variations in phase can be interpreted as 
deviations in the radiofrequency of the received 
signal, and a simple relationship exists between the 
power spectra of these two parameters. ‘To express 
the effects of the atmospheric turbulence on the 
propagated signal in terms of its frequency-modula- 
tion effects rather than phase variations, we may 
write the transmitted and received waves (ignoring 
attenuation) as follows: 


er=e'! (1) 


i(wt—kl) 


Ket= ‘ 
€r=e iii (2) 


=e 
If we define the frequency of the received signal 
as the time derivative of the total phase term we 
obtain: 
00 
ow’ =w— (3) 
or 
(4) 


| 
| 
| 
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Thus, the frequency deviation due to the tur- 
bulence is proportional to the slope of the phase 
records obtained in the experiment. 

If 6 is some function of time which can be repre- 
sented by the Fourier series: 


COS 


6(t)=ay+a, cos 2rf;t+b, sin 2rfit+ ... +a, 
1 d Ji a 


2rf,t+b, sin 2rf,t+ ..., (5 


its power spectral density at the spectral frequere 
f, is proportional to (a?+63). Similarly, — th 
frequency deviations can be represented byt! 


series: 


06 
Ot 


=—2rfia, sin 2rf,\t+2rf,), cos 2rf,t- 
—2rf,a, sin 2rf,t+27f,b, ces 2rf,t+ ... 


and its spectral density at f, 1s proportional t 
(Qarf,)?(ai +67). 

Figure 9 shows the frequency variation spectri 
corresponding to the phase spectra shown in figur 
6. They were obtained simply by multiplying th 
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Figure 9. Power spectrum of radiofrequency deviations in 9,400 Mc transmissions over a 9.4-mile path, 


phase spectral density at the frequency f cycles per 
‘er : 
second by (75) - The spectral density of radio- 


frequency variations decreases relatively slowly 
with increasing spectral frequency, being approxi- 
mately proportional to f-°’. (The exponent here is 
simply the value obtained for the phase spectrum 
increased by two.) The apparent increase in power 
at the high frequency end (above about 6 cps) is 
caused by the reading error noise mentioned pre- 
viously and should be ignored. 





6. Comparison of Phase and Atmospheric 
Refractivity Variations 


Variations in the phase of the received signal 
represent variations in the electrical length of the 
propagation path, which is proportional to the 
atmospheric refractivity integrated along the path. 
Hence, the long-term changes in refractivity meas- 
ured at a point on the path should be correlated with 
the long-term changes in electrical path length as 
deduced from the phase records. This correlation 
is illustrated in figure 4, in which the refractivity 
values computed from temperature, pressure, and 
humidity recordings at each terminal are plotted 
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with the long-term phase variations read from the 
Varian record. It is perhaps more clearly shown in 
figure 5, in which time variations in the average of 
the refractive index at the path terminals and the 
changes in electrical path length are both expressed 
in parts per million. This illustrates the fact that 
the two variables are not only closely correlated 
(correlation coefficient: 0.915), but their fluctuations 
agree in magnitude as well. 
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A summary is presented of the ways in which the concept of system loss and the closely 
related concepts of transmission loss, basic transmission loss, propagation loss, and path 
antenna gain may be used for precise, yet simple, descriptions of some of the characteristics 
of radio wave propagation which are important in the design of radio systems. Definitions 
of various terms associated with the concept of system loss are given which introduce a 
greater flexibility into its use without any loss in precision. It is shown that the use of these 
added terms and concepts makes feasible the extension of the use of this method of description 
to any portion of the radio spectrum. A more general formula for the system loss is given 
which may be used for antennas with an arbitrarily small separation. Using this formula it 
is shown that the system loss between small electric or magnetic dipoles separated by a 
distance d < ) can be made arbitrarily small even though the individual antennas have 
large circuit losses. Formulas are developed for the percentage of time that a desired signal 
is free of interference, and these are used to demonstrate methods for the efficient use of the 
spectrum. In particular, contrary to general belief, it is shown that efficiency is promoted 
by the use of high power and high antennas and, in the case of a broadcast service, sufficiently 
small separations so that there is appreciable mutual interference. An analysis is made of 
the variance of the path antenna gain in ionospheric scatter propagation. Methods are 
given for the calculation of the transmission loss for the ground wave and tropospheric 
scatter modes of propagation through a turbulent model atmosphere with an exponential 
gradient. Examples of such calculations are given which cover a wide range of frequencies 
and antenna heights. Finally, examples are given of the expected range of various tropo- 
spheric point-to-point scatter systems such as an FM multichannel teletype system, a 





television relay or an FM broadeast relay. 
1. Introduction 


Although the idea of a radio circuit transmission 
loss had been in use by engineers concerned with the 
design of communication systems for many vears 
prior to that time, it was in a paper by the author [1] 
in 1953 that its great advantages, particularly in 
connection with ionospheric or tropospheric scatter 
systems, were first explicitly pointed out. Since 
that time this concept has been used extensively in 
the radio propagation studies at the Central Radio 
Propagation Laboratory and elsewhere, and a fairly 
large body of conventions has grown up around this 
usage. It is the purpose of this paper to describe 
the precise meaning attached to these conventions 
by the engineers at CRPL, with the hope that these 
usages will prove equally useful and will be adopted 
in Other laboratories throughout the world. In 
addition, its use is illustrated by numerous examples 
throughout the usable portion of the radio spectrum 
ranging from 3 to 100,000,000 ke. 


2. Definitions of System Loss, Transmission 
Loss, Basic Transmission Loss, Path An- 
tenna Gain, and Path Antenna Power 
Gain 


The system loss of a radio circuit consisting of a 
ransmitting antenna, receiving antenna, and the 
itervening propagation medium is defined as the 
limensionless ratio, p,/p~,, Where p, is the radio- 
requency power input to the terminals of the 
ransmitting antenna and p, is the resultant radio- 
requency signal power available at the terminals of 
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the receiving antenna. Both p, and p, are expressed 
in watts. The system loss is usually expressed in 
decibels: 

L,=10 logy (p:/pa) =P .— Pa (ty 
Note that the system loss, as above defined, excludes 
any transmitting or receiving antenna transmission 
line losses since it is considered that such losses are 
readily measurable. On the other hand, the system 
loss includes all of the losses in the transmitting and 
receiving antenna circuits, including not only the 
transmission loss due to radiation from the trans- 
mitting antenna and reradiation from the receiving 
antenna, but also any ground losses, dielectric losses, 
antenna loading coil losses, terminating resistor 
losses in rhombic antennas, ete. The inclusion of all 
of the antenna circuit losses in the definition of sys- 
tem loss provides a quantity which can always be 
accurately measured and which is directly applicable 
to the solution of radio system design problems. 

For many applications, however, particularly in 
the study of radio wave propagation, it is convenient 
to have a definition of a system loss which excludes 
all of the antenna circuit losses except those associ- 
ated with the antenna radiation resistances; thus, 
the transmission loss of a radio circuit consisting of a 
transmitting antenna, receiving antenna, and the 
intervening propagation medium is defined as the 
dimensionless ratio, p;/p,, where p; is the radio- 
frequency power radiated from the transmitting 
antenna, and pj, is the resultant radiofrequency 
signal power which would be available from the 
me Throughout this paper, capital letters are used to denote the ratios, expressed 
in decibels, of the corresponding quantities designated with lower-case type; 


e.g., P:=10 logio pe is the input power to the transmitting antenna expressed in 
decibels above 1 w. 








receiving antenna if there were no circuit losses other 


than those associated with its radiation resistance. 
The transmission loss is usually expressed in decibels: 


L=10 logio(p;/pa) =Ls—Lic—Lre, (2) 


where L,, and L,, are the losses, expressed in decibels, 
in the transmitting and receiving antenna circuits, 
respectively, excluding the losses associated with the 
antenna radiation resistances; 1.e., 


L.ee= 10 logyo(7/r1) — 10 logio(1 + Ate) 
and 
L,.=10 logyo(r;/r,) =10 logio(1+ Are), 


where 7’ is the actual resistive component of the 
antenna circuit, 7 is the radiation resistance, and the 
subscripts ¢ and r refer to the transmitting and 
receiving antennas, respectively. 

In order to separate the effects of the transmitting 
and receiving antenna gains and circuit losses from 
the effects of the propagation, it is convenient to 
define the basic transmission loss, L, (sometimes 
called path loss) as the transmission loss expected 
between fictitious loss-free isotropic transmitting and 
receiving antennas at the same locations as the actual 
transmitting and receiving antennas. This serves 
also to define the path antenna directive gain, G,: 


G,=L,—L, (3) 
L,=L+6,=L,4-6,—L,.—L,. (4) 


In some cases it may be quite difficult to measure 
the antenna circuit losses; thus it is convenient to, 
define the path antenna power gain, Gp, as 


Re) ey ee) ey a (5) 


It is seen that the path antenna power gain is the 
change in the system loss when loss-less isotropic 
antennas are used at the same locations as the actual 
antennas; note that @,, will be negative when the 
antenna circuit Josses exceed the path antenna 
directive gain. Throughout the remainder of this 
paper the term path antenna gain and symbol @, 
are often used when a distinction between the direc- 
tive gain and the power gain is unnecessary. 

In some idealized situations the path antenna 
power gain, (,,, is simply the sum (G@,,+4G,,) of the 
free space power gains G,, and G,, of the trans- 
mitting and receiving antennas relative to loss-less 
isotropic antennas. However, in most practical 
situations @,, is less than G,,+G,, because of the 
complex nature of the received field. The path 
antenna power gain may be measured by deter- 
mining the increase in the system loss when both 
the transmitting and receiving antennas are replaced 
simultaneously by simple standard antennas such 
as short electric or magnetic dipoles, and then adding 
the calculated path antenna power gain correspond- 
ing to the use of the standard antennas. In the 
case of ionospheric or tropospheric scatter propaga- 
tion, the path antenna power gain is sometimes sub- 
stantially smaller than the sum of the free space 
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power gains G,, and G,,. In such cases the path 
antenna power gain cannot be determined accurately 
as the sum of the effective power gains of the trans- 
mitting and receiving antennas (as determined by 
replacing first one antenna by a standard antenna 
and then the other antenna by a standard antenna) 
since such effective power gains depend upon the 
gain of the antenna used at the other terminal. 

In the case of ionospheric or tropospheric propaga- 
tion, the transmission loss L, the basic transmission 
loss L,, and the path antenna gain @,, are all random 
variables with respect to time and tend to be nor- 
mally distributed about their expected values. 
Furthermore, L and @, are typically negatively 
correlated with each other, and thus the variance 
of L, is usually substantially less than the sum of 
the variances of L and G, (see sec. 9); for this reason 
it will often be more practical simply to measure the 
transmission loss with the particular antennas in- 
tended for use rather than attempt to calculate the 
expected transmission loss and its variance with time 
in terms of the measured or calculated values of the 
basic transmission loss and the path antenna gain. 

Note also that the path antenna gain may actu- 
ally be negative. For example, the path antenna 
gain will usually be negative for ground wave or 
tropospheric wave propagation between a vertically 
polarized and a horizontally polarized antenna, and 
the concept of path antenna gain should prove to be 
useful for expressing the results of such cross polari- 
zation measurements. 


3. Transmission Loss in Free Space 


As an example of the simplicity of transmission 
loss calculations in some cases, we may consider the 
transmission loss between two isotropic antennas in 
free space. At a distance, d, very much greater 
than the wavelength, \, the field intensity, expressed 
in watts per square meter, is simply p//47d? since the 
power is radiated uniformly in all directions. Since 
the effective absorbing area of the receiving antenna 
is \2/4x, the available power at the terminals of the 
loss-free isotropic receiving antenna is given by 

Pa=(X/4m)-(py /Amd?). (6) 
Consequently, the basie transmission loss in free 
space may be expressed 

Liyp=10 logyo(4ard/d)? (free space;d >>). (7) 
Since the free space gain of a short electric loss-less 
dipole is g,=g,=1.5, the path antenna gain for two 
optimally oriented short electric loss-less dipoles in 
free space is 


G,=G,+G,=3.52 db. (S) 
Consequently, the transmission loss between tw» 


optimally oriented short electric loss-less dipoles i 
free space is 


L=10 logy(4md/\)?—3.52. (s 
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4. Influence of the Antenna Environment 
and Definition of Propagation Loss 


In order to illustrate the influence of changes in 
the impedances of the antennas caused by environ- 
mental factors which may, in part, be independent 
of the antenna circuit losses, we will consider the 
transmission loss between two short vertical electric 
loss-less dipoles at heights h, and h,, respectively, 
above a plane perfectly conducting surface and 
separated by a distance, d, along the surface large 
with respect to the wavelength. Although we will 
treat here in detail only the case of antennas over 
a perfectly conducting plane, the concepts are 
identical in the case of any other environmental 
conditions and only the magnitudes of the effects 
will be different. In free space the field strength e, 
expressed in volts per meter at a distance d, ex- 
pressed in meters, in the equatorial plane of a short 
electric loss-less dipole radiating p; watts is given by 


e> 1.5p; 


where m=47c-10~-’=impedance of free space ex- 
pressed in ohms, and c=2.997925-10* m/sec= 
velocity of light in free space. Note that the factor 
1.5) is just the free space gain of the transmitting 
dipole antenna. The radiation resistance of a short 
vertical electric dipole of effective length 7 and at a 
height h, above a_ perfectly conducting plane is 
given by 


—~ (1+A,J=7,{1+4,], (11) 
‘ mi. 2). 
d= app ae Roos kA) | 2) 


In the above k=272/A=2rf/c, i.e., \ is the wavelength 
in free space. Note that A, approaches zero at 
large heights above the surface and r approaches 
its “free space value, 7, On the other hand, A,=1 
for h,=0, and the radiation resistance is then just 
twice its free space value. The field intensity ex- 
pressed in watts per square meter for a short vertical 
electric loss-less dipole over the perfectly conducting 
surface may be expressed 


1.5 p;[2 cosy cos (kh, sin vy)? 


. 4nd?{1+-A,| a 


n the above expression tan ~Y=h,/d and the distance 
along the surface must be large with respect to 


loth X and h,; in this case the distance between the 


ntennas is approximately d/cos y. Equations (11), 
2), and (13) were derived by Schelkunoff in chap- 
ts VI and IX of [2]. Since A,=1 for h,=0, the 
eld intensity is 3 db greater when y=O and the 
ipole is on the surface of a perfectly conducting 
lane (i.e., €?/ny=3p;/4rd?) than when it 1s in free 
pace; note that in free space (10) must be used 
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rather than (13), since the ground reflection influ- 
ences the radiation for all values of /,. In more 
familiar units, when h,=h,=0, (13) may be expressed 

e(uv/m) =2.998962-10°y p; (kw) /d (km). (14) 
The effective absorbing area of a short vertical 
electric loss-less dipole receiving antenna at a height 
h, above the perfectly conducting plane may be 
expressed 


1.5d2 cos*y 


4n(1-+2,] ” (15) 


a. 


where A, is defined by (12) with h, replaced by A,. 
Since p,=e7a,/n) we find by combining (13) and (15) 
that the transmission loss between two short vertical 
electric loss-less dipoles at heights h, and h, above a 
plane perfectly conducting surface may be expressed 


i cos ¥)*[1+A,][1+4,] } 16) 
5)2[2 cos’y cos (kh, sin y) |? . 





L~10 logio 


or 


L,=L=L,,—G,—6.02+A+L, 


+L,=L,+L,4+L,, (17) 
where L, ,-= 10 logy [1 +A; .,], p20 logy [(3/2) cos*y/ 
and A~—20 logw[cos (kh; sin y)]. Note that 
L,=L in this ease since there are no losses other 
than radiation losses. The factor L, is shown 
graphically as a function of (A/A) in figure 1. It is of 
interest to note that the transmission loss between 
the dipoles on the plane perfectly conducting sur- 
face, h,=h,=0, is the same as if the dipoles were 
separated by the same distance in free space, al- 
though the field intensity is 3 db greater for the 
same power radiated. On the other hand, when the 
dipoles are several wavelengths above the perfectly 
reflecting surface (h,=h,>>X) and are se parated 
by a large distance (¥y20), the transmission loss is 
6.02 db less than for dipoles separated by the same 
distance in free space. Equation (17) illustrates the 
definition of L,, the propagation loss, i.e., the trans- 
mission loss expected if the antennas had gains and 
circuit resistances the same as if they were in free 
space. More generally, LZ, and L, are defined as 


L1.7=10 logy (r’/r,), (18) 


where 7’ is the actual resistance of the antenna in 
the presence of its environment and 7; is the radia- 
tion resistance it would have had if it were in free 
space. When we note that ZL, and Z, may vary 
substantially from one antenna installation to the 
next, depending upon the circuit losses, polariza- 
tion, ground conditions, whether or not a ground 
screen is used, and upon other environmental factors 
such as the presence of trees or overhead wires, it 
becomes clear why it is desirable to separate these 
components from the system loss and to have a 
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FicurE 1. Transmission loss arising from a change in the 
radiation resistance of short dipole antennas near a perfectly- 
conducting surface. : 


propagation loss, L,, independent of these antenna 
environmental conditions. 
L,=L,—L,—-L, (19) 

The above is not the only logically consistent 
method of describing the gains and losses of antennas 
in the presence of an environment. Thus Schel- 
kunoff [2] considered the perfectly reflecting surface 
to be an integral part of the transmitting and re- 
ceiving antennas, and set G,,=10 logy{3/{1+A,] 
and G,,;=10 logy {3/[1+A,]} where the subscript s 
refers to Schelkunoff’s usage. In other words, he 
referred his maximum gains to those expected for 
isotropic antennas with the earth removed; this 
leads to a path antenna gain, referred to that ex- 
pected between isotropic antennas with the earth 
removed, given by G,,=G,+6.02—L,—L,—A, and 
his tranmission loss is then simply L=1),—G,,. 
However, this method of approach is not recommended 
since (a) it is impracticable to remove the earth in 
order to measure G,, and (b) it would lead to antenna 
gains 3 db larger than their free space values even 
when they are many wavelengths above a perfectly 
reflecting plane surface, and this is inconsistent with 
the present usage of the concept of antenna gain in 
the higher frequency ranges. 
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Although it appears to be desirable to separate the 
effects of earth reflections and sometimes other 
environmental effects from the gains of the antennas 
by means of the propagation loss concept described 
earlier, there will be other situations in which such a 
separation of environmental effects is undesirable. 
For example, the power gain of an antenna mounted 
on an aircraft, satellite, or space vehicle should be 
considered as the gain which would be determined 
by comparison of the fields obtained in various direc- 
tions as the vehicle is rotated in free space with those 
obtained from a standard antenna with the vehicle 
removed; i.e., in these cases the vehicle is to be con- 
sidered an integral part of the antenna. 

Suppose now that we use small loop antennas of 
area S, with their axes normal to the plane of propaga- 
tion, parallel to the perfectly conducting surface and 
at heights h, and h,, respectively. In this case the 
electric vector lies in the horizontal plane and the 
radiation resistance is [2] 


: om 81° nS? 


<a (20) 


[1 +A7]=Pnll + Af]. 


The subscript m refers to the magnetic dipole, and 
the prime to the effect of the surface. 


oe, 1 \sin (2kh,) , cos (2kh,)] 
A= (3/2) [--agem) in tr) 4 008 al 21) 


2kh, (2kh,)? 
— NEB is 
Oe Ae[1 +7] = 
1, = 20 logyo[3/2]=3.52, (23) 
A’=—20 log; [cos (kh, sin v)], (24) 
Li.= 10 logiol1 = Ai rl. (25) 


The factor ZL; , is also shown graphically on figure 1. 
Note that A} approaches zero at large heights and 
A}=1 for h,=0. 

Consider next the tranmission loss between two 
small loop antennas at heights h, and h,, respectively, 
above a perfectly conducting surface with their 
axes normal to this surface. In this case the electric 
vector lies in the horizontal plane and the radiation 
resistance is [2] 


jm 82° 8? 


Tn 3y4 {1—A]= r'myl1—Al, (265) 
1, = 20 logiol(3/2) cos*p], (27) 
A’’ = —20 logy{sin (kh, sin y)], (28) 
Li’, =10 logiol1—A,z,1]. (21) 


The factor Lj’, is also shown as a function of (h/\) 
on figure 1. 
Finally, consider the transmission loss between 


two short horizontal electric dipoles of effective 
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length 7, normal to the plane of propagation and at 


heights h, and h,, respectively, above a perfectly 


conducting plane surface. In this case [2], 


ver __ 2rnol? 


=a) [1—A’]=r,[1—A’], (30) 
G', =20 log,o(3/2) =3.52, (31) 
A’’’ = —20 log,[sin (kh, sin y)], (32) 
Lr = 10 logyo[1—Az.,]. (33) 


The factor L/; is also shown graphically on figure 1. 
Note that Z’’’ and L’’ both approach (—o) as h 
approaches zero, but the radiation resistance simul- 
taneously approaches zero, and it would be difficult 
in practice to keep the radiated power constant as the 
antennas are brought nearer and nearer to the sur- 
face. When h, and h, are both much less than a 
wavelength, A’’+Z+L7’ for horizontal loops be- 
comes independent of these heights and equal to 
20 logi(kd/10); similarly A’’’+2L’;’+-L’)’ for hori- 
zontal electric dipoles approaches 20 logi(kd/5) for 
h, and h, much less than a wavelength. 

All of the above specific results refer to the case 
of a perfectly conducting plane surface and to dis- 
tances d>)d. For a finitely conducting ground, 
the attenuation A in the above expressions will be 
substantially modified. For example, for vertical 
electric dipoles over a flat earth of finite conduc- 
tivity and with h,=h,=0, 


A= —20 logo] 1 —iyrp exp (—p) erfe (iyp)| (34) 


Here p denotes Sommerfeld’s numerical distance as 
defined for a time factor exp (+7wt). In reference [3] 
a comprehensive discussion is given of the radiation 
fields of electric and magnetic dipoles over a finitely 
conducting plane earth; in this reference a time fae- 
tor exp(—iwt) was used, but in the present paper 
exp(+7wt) is used in order to conform with current 
engineering practice. Furthermore, A and A’ will be 
modified when the antennas are located over a finite 
rround [4, 5, 6, 7], but this difference will largely be 
cancelled if a large ground sereen is used under the 
antennas. Although (26) indicates that 7%, ap- 
proaches zero as the vertical magnetic dipoles 
approach the perfectly conducting surface, Wait [4] 
has shown that ry, actually becomes very large when 
such _— are brought near a finitely conducting 
ground. 


5. Relation Between Propagation Loss, L,, 
and Field Strength, E 


The results of many previous studies of radio wave 
propagation in the low and medium frequency range 
lave been expressed in terms of the field strength £, 
expressed in decibels above 1 »v/m for an unatten- 
uated field 7, at a unit distance, i.e., to the radiation 


57 





field expected at a unit distance on a perfectly con- 
ducting plane surface. It is convenient to express [ 
in decibels above 1 v, e.g., 1 v/m at 1 m. We will 
relate such values to the propagation loss, L,. 

In free space the inverse distance field J; may be 
obtained from (10); when we note that P;’=P,—L,, 


T,=10 logy (p,c-10-"9,)=P,—L.t-G,+ 14.77. (35) 


Over a perfectly conducting ground plane the inverse 
distance field J, may be obtained from (13): 

l=P,-—L 44,420.79. (36) 
The relation between the available power, p., from 
the receiving antenna and the field strength, e, may 
be expressed in decibels as follows: 


E= 10 logyo(4arnopalr’ /r]-10!?/d79,) 
=P,+20 logifse—G,+L,+107.22. (37) 


If we solve (36) for P, and (37) for P, and combine 
the results, we obtain the following expression: 


L,=P,—P,=I- E,—G,+20 logiofmce+86.43+-L,4-L, 
(38) 


In the literature # is sometimes referred to an inverse 
distance field of 300 v, ie., 310° wv/m at 1 km 
(i.e., by (14) to 1 kw radiated from a short vertical 
electric dipole on a perfectly conducting plane sur- 
face) and in this case J=49.54 db so that 

L, = L,—L,—L,= 135.97—G,- 20 logiot me— Lr=49.54 


(39) 


In the higher frequency ranges, however, £ is 
usually referred to an inverse distance field in free 
space of 222 v (i.e., by (35) to 1 kw radiated from 
a half wave dipole in free space) and in this case 
T,=46.92 db; if we now solve (36) for P,—L,, solve 
(37) for P,+L,, we obtain the following relation: 


P,—L,=139.37—G, 


+20 logiotm c E,, 46.92 


| a J i 


(39a) 


One of the important advantages of expressing propa- 
gation results in terms of the propagation loss L, 
rather than in terms of F is the fact that L, is 
dimensionless and so does not require a specification 
of the reference inverse distance field or of the 
radiated power. 


6. System Loss, Transmission Loss, Propaga- 
tion Loss, and Relative Phase of Currents 
in Two Antennas Expressed in Terms of 
Their Self and Mutual Impedances 


All of the preceding analyses are limited to the 
case where the antennas are sufficiently far apart 
(d>n) so that the magnitude of their mutual im- 








pedance is small compared to the self resistances of 
each of the antennas. In this section a completely 
general expression will be obtained for the system 
loss. It is convenient to use the T-network of figure 2 
to represent the impedances of the antennas. The 
accessible terminals of the transmitting antemia a 
and of the receiving antenna 6 are denoted by AA 
and BB, respectively. The central member of the 
T is the mutual impedance 2, between the two an- 
tennas while 2, and 2, are the self-impedances of the 
two antennas; thus the impedance at the terminals 
AA, with BB open circuited, is 2, while the imped- 
ance at the terminals BB, with AA open circuited, 
IS 2». 
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Figure 2. T-network for system loss analysis. 


Let 2, indicate the receiving antenna load impedance 





at BB. From figure 2 it is easy to show that the 
impedance 2,, at AA is given by 
22 
m \ 
2.—<,. (40) 
in a > a } 
Zote 


Since there are no source voltages in the mesh 
which the current 7, is flowing, we may write 


dy(Zo+ 21) +ta2m=0. (41) 


The above relation provides a means for dete rmining 
the relative a and phase of the current 7, in 
antenna 6 relative to the magnitude and phase of 
the current 7, in antenna a. The fact that 7, and 
i, have the same direction of flow through z,, may 
be established by considering the limiting case as 
the spacing between the two antennas approaches 
zero. The ratio of the power |i2| Re z;, from the 
source to the power |i?| Re z, delivered to the load 
may now be expressed 


| ia | Re Zin _ Re Z:n| Zy+2,|? 9 
—— ono =t (42) 
~ Re Z1| 2m 


\22| Re z, 





Note that the maximum power will be delivered to 
the load, i.e., the above ratio will be minimized for a 
constant power input to the transmitting antenna, 
when the load impedance 2z, is adjusted so that it is 
equal to the complex conjugate z,., of the output 
impedance 2.y,.= 2.— 22,/(Za+Zs) where z, is the im- 
pedance of the source. In this case 7? Re 2, is equal 
to the available power from the receiving antenna 
and the system loss is equal to 
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TalZot+Zoul?  |2o+2exl? 
L.= 10 lo E b out b out | 
, B10) Re Zoul23l 22 


leeks co 6-0] 
Re Zout 





(43) 


where r; and r; denote the real parts of the an- 
tenna self impedances Zq and 2, 2m=|Zm| exp(id) 
and (2 Zot Zou) = 27, — [25 ml (2 at 2,))*=|20+ Zou! exp(76). 
Equation (43) is the most ‘general expression for the 
system loss; this same equation may be used for 
calculating the transmission loss L simply by replac- 
ing the actual antenna resistances r; and r; by the 
radiation resistances r, and r,; furthermore, (43) 
gives the propagation loss L, if we replace r; and 
r, by the radiation resistances rj, and ry, which the 
antennas would have if they were located in free 
space. 

Note now that Zou:22, provided |22|<]z,|-|2.+ 2,| 
and this will be the case (a) at large distances 
or (b) even at short distances if the source impedance 
z, is sufficiently large; in this case Z1= Zou 25- 
Note that this same relation 2,=2, would apply in 
case the load impedance were matched to the re- 
ceiving antenna impedance with the terminals of 
the transmitting antenna open or with the trans- 
mitting antenna at a sufficiently Jarge distance so 
that it has a negligible effect on Zou. In this special 
case (41) and (43) become 
|Zm| exp (09) 


2r;, 


L,(2:=2%)=10 lorw{ °—2 cos 2a) bas 


It will be of interest to illustrate the use of (45) 
by means of two simple examples. We will consider 
first the system loss between two short electric di- 
poles, each perpendicular to the line joining their 
centers, and separated by a distance d in free space. 
It may be shown [2] that the mutual impedance 2z,, 
between the dipoles of effective lengths J, and l;,, 
which are each much shorter than a “wavelet eth, is 
given by 


(44) 


iy (2 =é2 )=—te 


inol al» 1 i ss oe: een ee ee Pers 
em a : [: — 37 | exp (—tkd) = |2m| CXP sil 
(46) 


The anterna self resistances are 


Here kd=2r d/d. 


given by 
r=2anol2(1+A,,)/3%, (47 
1) =2aol2(1+A,,)/3r. (48 


The factors (1+A,.) and (1+A4,,) in (47) and (48 
allow for the circuit losses. 


wf (, 1), 1 | 
eae (-pa) teat 
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a Be 1 / 1 
o=5—kd—tan {F|(\-ae) (50) 


(2hd)? (1+Ar) (1+Are) 


L, (21:=2%)=10 logiy . 
( l OL i (3/2) +{(1-pa) +ap} 


—2 cos (2¢) (51) 


When the distance d>), the second term in (51) 
is negligible compared with the first term and (51) 
approaches (9)+L,.+L,- as expected. At the other 
extreme when d<X, the first term in (51) is negli- 
gible compared to the second term, ¢ approaches 
a/2 and L,(z,=23)=10 log; 2=3.01 db. ‘Thus, in 
this case, half of the power from the source is avail- 
able in the load resistance. The above formulation 
of the transmission loss problem in terms of the 
antenna self and mutual impedances is due to 
Wait [8] and (51) is similar to the solution Wait 
obtained in appendix II of his paper for two vertical 
dipoles on a flat perfectly-conducting ground plane. 

The transmission loss may be obtained from (51) 
if we set A,,=A,,=0 and we find that L(2,= 2%) 
between short dipoles is then dependent only on kd. 
Figure 3 gives the transmission loss versus (d/\) for 
this special case, and the system loss for the case 
(1+A,.)=(1+4,,.)=2. By the same method used 
for deriving (51) it may be shown that it applies 
also to small magnetic dipoles, i.e., to two small loop 
antennas with the planes of each loop lying in the 
same plane. 


LOSS , DECIBELS 


1 
L 








(d/X) 


System loss and transmission loss between small 


electric or magnetic dipoles in free space. 


FIGURE 3. 
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Consider next two short electric colinear dipoles 
separated by a distance d in free space. In this case, 


mR 
len? =e +pa} 


o=; 5 hd+tan=! (kd) , 


(52) 
(53) 


4k‘d* (1-+A,,) (1 +A,,) 


ofr+es} 


—2 cos (26) |- (54) 


E. (z,=2})=10 logo 


Figure 3 also shows the transmission loss, as given 
by (54) with A,,.=A,.=0, as well as the system loss 
for the case (1+A,,.)=(1+A,,)=2, between short 
electric colinear dipoles; (54) also applies to small 
colinear magnetic dipoles, i.e., small loop antennas 
with their axes colinear. 

Equation (45) and consequently (51) and (54) are 
not very realistic expressions for the system loss 
when the distance (d/d) is small since they are 
strictly applicable; i.e., the power delivered to the 


load is the available power, only if 2, increases 
without limit as (d/A) decreases. One other ex- 
ample will be used to illustrate the problem. Thus 


we will assume that the impedance of the source is 
matched to the transmitting antenna input imped. 
ance: 2,=2* while the impedanc eof the load is simul- 
taneously matched to the receiving antenna output 
impedance: 2;=2dur. In this case we may eliminate 2% 
from the two equations: 2,= 23—(22,)*/(2%+2%) and 
of = 2,—(2%,)/(2:4+ 2), and in this way find the follow- 
ing expression for 2,;=r,+72;: 

ere |22| cos (2) |z4| sin? (2¢) 
es A 4rr,? 


j . |2?| sin (2¢) a 
— Wot ir lem 7 : ° (55) 
alaly 


We may determine z,=7,+72, from (55) simply by 
intere -hanging r, and r, and x, with z,. The system 
loss for this case may now be determined by intro- 
ducing the above expressions in (42): 


or’ (r; = Fy) 
=10 logy [ 7 


~m 


—cos 26) | (56) 


The above is the general expression for the system 
loss when the source is matched to the input imped- 
ance 2, and the load is simultaneously matched to 
the output impedance Z:. This is, of course, the 
most favorable condition for the transfer of power 
from the source to the load. Equations (55) and 
(56) are applicable to any kind of antennas and we 


L,(2,=2k32.=23 
4s 2s 2in321= Zour) 








see that the system loss depends only on the self 
resistances 7’, and 7, of the two antennas and their 
mutual impedance 2m= || 2m Il exp (i). 

When d> , 7; approaches 7; and (56) approaches 
(45) since the second terms in (45) and in (56) 
are negligible compared to the first terms; thus 
we conclude that the system loss does not depend 
upon the condition of matching of the source to the 
input impedance when d is sufficiently large so that 
2 l<riro. 

The behavior of (55) and (56) when d<) will de- 

pend markedly upon the particular characteristics 
of the antennas involved. At such short spacings 
one would normally be interested only in antennas 
with dimensions small with respect to their spacing 
and thus small with respect to the wavelength; thus, 
when d<i, we are led to consider the special case of 
short electric or small magnetic dipoles. When (47), 

(48), (49), and (50) are used in conjunction with 
(55) and (56) we find that the system loss, L(z,=z: 
2)= 2h), approaches zero when dn, i.e., when (kd)® 
<(%)/{(1+A,.)(1+4,,)}, even if r; and r, are very 
large with respect to their radiation resistance com- 
ponents; see figure 3 for a graph of the transmission 
loss and for the system loss with (1+ A,.)=(1+A,,) 
=2 for this type of impedance matching. A system 
with near zero loss is very remarkable, but may be 
understood when w e note that (r,/r}) and (r,/r,) both 
increase in thiscase without limit as dapproac hed Zero; 
thus the power, from the source 77, is much larger than 
the power 727, dissipated in the transmitting an- 
tenna while simultaneously the power 737, delive red 
to the load is very much larger than the power 737; 
dissipated in the receiving antenna. 
system loss is nearly equal to zero, only about half 
(actually a fraction (r,/(r,+7r;)]) of the power is 
available in the load while the remaining fraction 
[r,/(r,+r;)]| is dissipated in the impedance of the 
source. 

It might appear that a very efficient short range 
communication system could be developed based 
on the above analysis by using sufficiently low fre- 
quencies that Ad; note that the signal-to-noise 
ratio should be quite favorable since the small 
antennas used would pick up very little noise power, 
and this small noise power would be in competition 
essentially with the large power directly available 
from the source. Note also that this communication 
system would create very little interference since the 
power radiated i2r,+2r, is much smaller than the 
power 7377 delivered to the load. However, the dis- 
tance out to which the system loss is less than 3db 
for such a system is quite small as may be seen from 
the following equation which applies when r,>>r, 
and 7,>>/: 





d(L,=3 db => 





ey 6 (57) 


Valo 


If we assume that the antennas are grounded vertical 
radiators and substitute (11) with A,=1 for r, and 
r, in (57), we obtain 
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Although the ~ 








d(L,=3 db) =1.68"4 11/3 [¥/8/(p/ p18 (58) 


If we assume A= 100,000 m (f=3 ke),/z=/,=100 m, 
i.e., with actual heights without top loading equal to 
200 m, and r,=r,=10 ohms, then d(L,=3 db) = 
781 m; since very good ground systems would be 
required to reduce r, and r}, to only 10 ohms, it 
appears that such a system has little promise. This 
statement should not be interpreted to mean that 
low frequencies are not useful for short range com- 
munication systems, but merely that such systems 
with less than 3-db system loss will have a very 
limited range of operation. The propagation losses 
encountered at low and medium frequencies are dis- 
cussed in a recent paper by the author [32]. 

Finally it is of interest to examine briefly the be- 
havior of the system loss at short spacings (d<)) 
when the antennas have dimensions which are com- 
parable to the wavelength and thus large with 
respect to their spacing. For this analysis it will be 
more convenient to express (55) in the following 
form: 


Pmt. 
a=n4 (1-3) (+; =) }" —ir,+1 - : 


If it is assumed that the transmitting and receiving 
antennas are each dipoles (either electric or magnetic) 
with idential dimensions (comparable to the wave- 
length) and identical orientations, than as d ap- 
proaches zero, 7 approaches the antenna self re- 
sistances r,=7;. Since the antennas are large, they 
may have small reactances and large resistances 
(e.g., half-wave dipoles in free space); in this case 
the load resistance 7; and the source resistance r, 
will both be very small and, since ¢ is now also very 
small, the system loss will by (56) still be approx- 
imately equal to zero. In this case again the power 
delivered to the load is much larger than the power 
radiated. This unusual situation may be under- 
stood when it is noted that 7,~—7, so that the net 
power radiated from two such closely spaced an- 
tennas is approximately proportional to (7,+7,)? and 
thus extremely small. It is, of course, well known 
that it is difficult to radiate much power from a 
directional antenna consisting of a pair of closely 
spaced elements with the currents in the two 
elements out of phase. 


» (59) 


7. Variations of the System Loss with Time 


The instantaneous signal power available on long 
circuits involving transmission through the iono- 
sphere or troposphere will vary with time (i.e., fade) 
due, in part, to phase interference between the com- 
ponents arriving along various transmission paths. 
Over short periods of time, during which transmission 
conditions may be regarded as constant, the instan- 
taneous available power may, in some cases, be re- 
garded as distributed in a Rayleigh distribution, to a 
good approximation. This distribution may be 
expressed 





ig 





Q(Pa>Yy) =exp (—Yy/Pa); (60) 
where p, is the instantaneous available power, 7), is 
the average power and Q is the probability that the 
instantaneous power exceeds some giver value y. 
A discussion of the physical conditions under which 
the Rayleigh distribution may be expected to apply, 
together with an extension to the case in which a 
large nonfading component of power is present at 
the receiver terminals, is given in a recent paper by 
Norton, Vogler, Mansfield, and Short [9]. 

It has been found experimentally that p, varies 
relatively slowly with time, and it is customary to 
determine the hourly median values p, which, by (60), 
are related to Da by p,»=(log.-2)Pa. It has been 
determined experimentally that the hourly median 
values, p,, for ionospheric or tropospheric propaga- 
tion at a given time of day and a given season of the 
vear are log-normally distributed [10, 11, 12]. It 
follows from this that the hourly median system loss 
is normally distributed with a standard deviation 
which may be expressed in decibels. For example, 
if the distribution of the 30 daily values of the 
hourly median transmission loss for 8 to 9 p.m. in 
June is studied, it is found that these values will 
appear to be a sample from a normal distribution of 
such values. Thus a reasonably satisfactory de- 
scription of the expected distribution of the hourly 
median (or average) transmission loss for a specified 
time of day and season of the year can be given in 
terms of the two parameters, the median (of the 
hourly medians from day to day) and the standard 
deviation (of these hourly medians), both expressed 
in decibels. 


8. Percentage of Time That a Desired Signal 
is Free of Interference 


The effective range of a radio system is determined 
when the desired signal becomes so weak that it is 
obscured by the presence of noise or of other types 
of interference for too large a percentage of time. 
Consider first the effect of noise. This is most readily 
determined by means of a generalization [13] of 
Friis’ definition [14] of the noise figure of a radio 
receiver. Consider the network of figure 4. It is 
convenient to compare the desired signal power with 
the noise power in network (a), i.e., in the loss-free 
receiving antenna. Let p, denote the average 
external noise power and set 

Pn=Sak ptb (watts) (61) 
where kz is Boltzmann’s constant and is equal to 
1.38X10-%, ¢ is the absolute temperature in degrees 
Kelvin, and 6 is the effective bandwidth in cycles 
per second as defined by Friis [14]. Thus (61) 
effectively defines the noise figure f, of network (a). 
Network (c) has a noise figure f,=7’/r which is 
simply the loss factor of the receiving antenna 
circuit. Similarly the transmission line loss is 
equivalent to a noise figure f, which is the ratio of 
the power in-and-out of the line. Finally we may 
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Ficure 4. Network defining the effective receiver noise figure 
including the effects of external noise. 


denote the noise figure of the receiver itself by f,. 
Using Friis’ method for combining the noise figures of 
several networks in tendem, we obtain for the effec- 
tive noise figure at the input to the loss-free receiving 
antenna 


f=fa-A+S fifi. 


Finally, if we write 7, for the minimum signal-to- 
noise power ratio which will provide a given grade of 
reception, e.g., teletype reception with an 0.01 per- 
cent binary error rate, then the minimum signal 
power available at the terminals of the receiving 
antenna which will provide this grade of reception 
may be expressed 


Pm=l rfk ath (watts). (63) 
Expressed in decibels (63) becomes 
P,»=R,+F+B—204, (64) 


where ?,,=10 logyr,, F=10 logyf, B=10 logiob, and 
10 logy (kgt) = —204 if we use a reference temper- 
ature t=288.48° K. 
The power P;, radiated from the transmitting 
antenna of a desired station at a which is required 
for a specified grade of reception by a receiver at 6 
with a given transmission loss L,, may now be 
expressed 

a= LetPmw=LoetRhat+ Fi+ B—204 (65) 
If the signal has a well-defined short term fading 
characteristic, e.g., representable by the distribution 
corresponding to that of a constant component plus 
a Rayleigh-distributed component [9], it is custo- 
mary to generalize R, to be the minimum median- 
signal to median-noise ratio required for a specified 
grade of reception of such a fading signal. In this 
case (65) gives the required radiated power if La, 
and F, in (65) are considered to be hourly median 
values or, more generally, median values over a 
sufficiently short period of time that the short term 
variations of the signal and the noise each have the 
characteristics specified in determining R,. In 
order to allow for the long-term fading character- 
istic, we recall that the hourly median values of 
the transmission loss at a specific time of day, season 








of the year, and period in the sunspot cycle, tend 
to be normally distributed about their long-term 
median value L,,q, with a standard deviation oz,». 
Now let A(z) denote a standard normal deviate and 
z the probability that a randomly chosen normally 
distributed variable with unit standard deviation 
will not exceed (zx): 


(66) 





1 (oo 
f= | exp (—y?/2)dy. 

y2r si 
Note that A(z) varies from — © to + © as x varies 
from 0 to 1 and that \(0.5)=0. Now we may ex- 
press the value of the hourly median transmission 
loss not exceeded with probability x by 


herd 


Lav(t)=Lmavt+xrer A(z). (67 ) 


Similarly /, tends to be normally distributed about 
its long-term median value F,,, with a standard 
deviation gp»: 

P(x) =F not oprd(2). (68) 
Equations (67) and (68) are not valid in the limit as 
z approaches zero since L,, and /, are inherently 
positive, but this restriction is unimportant in 
practical applications. The random variables LZ,» 
and F, may be correlated (usually negatively) with 
correlation coefficient pay, since diurnal, seasonal, 
and secular variations in propagation conditions 
sometimes cause L,, to decrease at the same time 
that they cause F, to increase. Now the above 


results may be combined and the following relation . 


determined by standard statistical methods: 


2 aE 1 oy ad 
(fant or as 2 PavnFLa ror) 20(0.0 1 Javn) _ i ta (Gaon) 


—R,,—Lmav— F'mv— B+204. (69) 
In the above, gan, is the percentage of hours during 
which the specified (or better) grade of reception of 
the signals from station @ is possible at station 6 
when noise is the only source of interference. Note 
that gor, varies from 0 to 100 percent as the right 
hand side of (69) varies from —o to +o. When 
Pia(Qavn) is fixed, (69) may be solved for dann; 
alternatively, by fixing qa», it is possible to solve 
(69) for the transmitter power Piq(qamn) required 
to provide the specified (or better) grade of service 
for Gaon percent of the hours at a given time of day, 
season of the year, and period of the sunspot cycle. 
For example, if service is required for ga»,=99 
percent of the hours, we find from tables of the stand- 
ard normal deviate [15] that (0.99)=2.326 and 
thus 2.326(¢7,0»+o%+2pannFzartro)'/? db more power 
is required than would be required for go»,=50 per- 
cent of the hours since \(0.5)=0. —— e 
Fino, rd; Pavn, and R, are all known as a func- 
tion of time, then Piq(qavn) can be determined as a 
function of time. 

For a proper determination of F,,, and gy, it is 
necessary to know the magnitude and variance of 
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the external noise f, at the location 6. Predictions 
of f, over a wide range of frequencies and geogaph- 
ical locations were o1iginally published by Crichlow 
et al. [16]. Revised predictions of f, are available 
in a recent report [17] of the Consulting Committee 
on International Radio (C.C.I.R.). Using the 
results in a recent paper by Cottony and Johler 
[18], values of f, may also readily be determined for 
cosmic radio noise simply by dividing their equiva- 
lent blackbody temperatures by 288.48. It should 
be noted that f, will usually be somewhat dependent 
upon the receiving antenna directivity and the 
published values of f, quoted above correspond to 
reception on a short vertical electric antenna in 
references [16] and [17] and to reception on a hori- 
zontal half-wave electric dipole in [18]. 

It is, of course, possible to determine the instan- 
taneous distribution of the transmission loss by 
combining the short term and long term fading 
distributions, and a solution of this problem for 
the case of signals with a Rayleigh distribution over 
short periods of time and with a log-normal dis- 
tribution of hourly medians has been given by 
Gerner McCrossen [19]. However, it is usually 
more convenient to follow the procedure described 
above and absorb the effects of the short term fading 
distribution into the required signal-to-noise ratio. 

To the degree that efficient use is made of the 
radio spectrum, interference from other radio stations 
rather than noise will often limit the effective range 
of the desired station. It is convenient in formu- 
lating this problem to consider initially the inter- 
ference caused at receiving location } as a result of 
the operation of another system including a trans- 
mitter at ¢ and a receiver at d. This special case 
will then be extended to determine the interference 
between additional pairs of stations and ultimately 
to a mobile or other broadcast type of system. 
If we write 7, for the minimum median-signal to 
median-interference power ratio at the terminals 
of the receiving antenna which will provide a given 
grade of reception of a desired signal with appro- 
priate allowance for the modulation characteristics 
and the short term fading characteristics of both 
the desired and undesired carriers, then we find 
that the criterion for the absence of interference at 
the receiving location 6 from the undesired trans- 
mitter at ¢ may be expressed 

Lev—Lavt+ Pie—Pre > Ru. (70) 
In the above R,=10 logyr,,L4,, and L,, denote the 
hourly median values of the transmission loss at the 
time in question for the paths ad and cb, respectively, 
while P), and P;, are the powers radiated from the 
transmitting antennas at a and c, respectively. Now 
let Lmey denote the long term median value of Le», 
Oren its standard deviation while p,,,, denotes 
the correlation coefficient between the variations of 
La and L.. Now we may determine from the 
following equation the percentage of the hours 
Jave at a given time of day, season of the year and 
phase of the sunspot cycle, during which reception 
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of a given grade or better is possible at station } 
of signals from station a on the assumption that the 
effects of all other sources of interference may be 
neglected except that from the station at ec: 


(cao +o, —2 parerFavFer) /?A(0.01 ga.) 


=Lmcex—L mart Pia re — Ry, (71) 

For the efficient use of the radio spectrum it is 
most important to notice that the percentage of 
hours Gas. free of interference from the undesired 
station at c depends on the ratio P;,—P}, of the 
desired and undesired station powers, whereas the 
percentage of hours ga», free of interference from 
noise depends only on P%,. 

An expression is also required for the percentage 
of hours g-a, of satisfactory reception of station c¢ 
at station d on the assumption that the effects of 
all other sources of interference may be neglected 
except that from the station a: 


(024 + Cia —2pcaaaTcaTaa)'/*(0.019eaa) 
=D mea— Linea t Pie—Pta— ) 


Now suppose that dase and q,aq are both suffic- 
iently large (say greater than 99%) so that satisfac- 
tory service would be available in both systems 
except for the effects of noise, i.e., suppose that 
Javon 18 less than 99 percent and that qe, is possibly, 
but not necessarily, also less than 99 percent. 
In this case we should, if this is feasible, increase 
Piq until goon >>99 percent. However, if this is done, 
it may cause interference to the reception of station 
¢ by station d since Jeaa, will be decreased by an in- 
crease in P', unless P, is increased in the same 
proportion so that P;,—Pj, remains constant. 
The above argument is easily extended to any num- 
ber of station pairs, and thus we have shown that 
a net improvement in the use of the spectrum for a 
given geographical configuration of radio stations 
can always be obtained by increasing the power 
of all of the stations by the same number of decibels 
until the power of each of the stations is adequate 
to reduce the level of the noise well below the level 
of the interference caused by the other stations. 
In practice there will be an economic limit above 
which such horizontal increases in station power 
ire no longer feasible. When this limit is reached, 
then still further improvement of the use of the 
spectrum can usually be obtained by allocating 
idditional stations or, in the case of a broadcast 
‘r mobile service, by reducing the spacing between 
tne existing stations until the interference between 
them is comparable to the interference from noise. 

The above analysis is, of course, only qualitative; 
‘hus, for example, some types of service might have 

» be available for much more than 99 percent of 

ime. Nevertheless the principles of efficient alloca- 
ion described above appear to be universally appli- 
able and it is concluded that a satisfactory allocation 
f facilities to any portion of the spectrum can be 
considered to exist only when it is impossible to find 
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a geographical location at which radio noise, rather 
than radio signals, may be observed. It also follows 
from the above discussion that an efficient allocation 
of broadcast stations necessarily implies the existence 
of large areas in which there wil] be mutual inter- 
ference between the stations since otherwise it would 
be possible to observe radio noise, rather than radio 
signals, in these interference regions. 

Equations (69), (71), and (72) are strictly appli- 
cable only when a single source of interference, identi- 
fied by the last subscript on q, is present at the re- 
ceiving location which is identified by the second 
subscript on g. A formal method of extending 
these results to the case where several sources of 
interference are present with comparable magnitudes 
at the receiving location was suggested in [1] and the 
use of this method for studying broadcast station 
allocations was described in a paper by Norton, 
Staras, and Blum [20]. However because of the 
complexity of the above formal solution, it is seldom 
used in practice. Instead, it is usually more practical 
to consider that a receiving location is satisfactorily 
free of interference provided the values of gq for all 
of these sources of interference are each independently 
larger than some predetermined value, say 99 percent. 

It is of interest to see how the above interference 
analysis would be applied to the allocation of broad- 
cast stations. In the first place it seems clear that 
the maximum economically feasible transmitter 
power and antenna height should be used so as to 
overcome the effects of noise for each station over the 
widest possible area. Having fixed the transmitter 
power and antenna height the stations should then 
be located near enough together so as to minimize 
the areas between the stations where noise may be 
observed free of radio signals. In fact, studies have 
been made [21] which indicate that there are optimum 
separations between broadcast stations with a fixed 
power; when the stations are located on a regular 
triangular lattice these optimum separations are 
quite large but, in the practical case of irregularly 
located stations, their optimum spacing will be much 
smaller and will be smallest in the case of isolated 
pairs of stations. 


Variations of Path Antenna Gain With Time 
in Ionospheric Scatter Propagation 


During recent years extensive measurements have 
been made at the Central Radio Propagation Labora- 
tory on several long transmission paths in the United 
States, Canada, and Alaska of the system loss for 
the ionospheric ‘scatter mode of propagation. Some 

of these measurements were reported in detail in 
a paper by Bailey, Bateman, and Kirby [22]. In 
this section a further analysis will be given of some 
of the data obtained by Bailey, Bateman, and Kirby 
on the Fargo-Churchill path. 

The measurements were made in the following way. 
At the Fargo end of the path, the transmitter power 
was switched ev ery half hour alternately to a high 
gain rhombic antenna and to a half-wave dipole 
antenna, both at the same height above the ground. 








At the Churchill end of the path, continuous record- 
ings were made of the signals from Fargo as received 
simultaneously on a high gain rhombic antenna and 
on a half-wave dipole antenna, both at the same 
height above the ground. For odd half hours, meas- 
urements were thus available of the half-hourly 
median system losses Z,, and L,,, and for even half 
hours measurements were available of the median 
system losses L,, and L,,, where the first subscript 
denotes the transmitting antenna while the second 
subscript denotes the receiving antenna. The half- 
hourly median path antenna power gain correspond- 
ing to the use of a half-wave dipole antenna on the 
transmitting end of the path and a rhombic antenna 
on the receiving end of the path may now be de- 
termined from: 


Gypnr=Lyr— Ln. +-4.3. (73) 


In the above the term 4.3 is the assumed path an- 
tenna gain between the two loss-less half-wave di- 
poles. On the assumption that the system loss does 
not vary appreciably over a period of 1 hr, it is also 
possible to estimate the half-hourly median path 
antenna power gain corresponding to the use of 
rhombic antennas on both ends of the path from 


Gpprr 2 Lp — Lm t-4.3, (74) 


where Z,, and L,,, denote the values of these median 
system losses in successive half-hour periods of time. 
Only these latter values are analyzed here and in 
what follows we have set @yo7-=Gpp, L,p-=L,; and 
LInn—4.3=L,. The observed cumulative distribu- 
tions of G,,, Z, and L, as thus defined are given on 
figure 5 for a 3-day period in February 1952. Note 
that each of these three observed quantities appears 
to be a sample from a normal distribution, and on 
this assumption we find the following sample sta- 
tistics: G,,=25.71 db, o¢pp=5.85 db, Ls=176.75 db, 
or;=6.98 db, L,=202.75 db, and oz,=2.47 db. The 
values of Z, and G,, are highly correlated, the cor- 
relation coefficient determined from this sample 
being p=—0.94. On the assumption that LZ, and G,, 
are normally distributed, the random variable 
L,=L,+G,, will also be normally distributed with 
expected mean L,.=L,+G,,=202.46 db and ex- 
pected variance of, 075+ 5epp+2 P O13 Tapp= (2.48). 
Note that these values are in good agreement with 
the values of the mean and variance of Z, determined 
directly from the sample. 

It is seen from the above analysis that the variance 
of the system loss for ionospheric scatter propagation 
increases with an increase in the path antenna gain. 
There is some evidence that this may not be the 
case for tropospheric scatter propagation. For ex- 
ample, Bullington, Inkster, and Durkee [33] meas- 
ured the variance of 505—-Mc and 4090—Mc tropos- 
spheric forward scatter over the same path using 
28-ft parabolic reflectors in both cases, and thus 
with much higher gain on the higher frequency, and 
found an actually smaller variance for the 4090—Mc 
transmission losses. 
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Figure 5. Measurements of Ls, Ly, and Gy, for the Fargo- 
Churchill ionospheric forward scatter path on Feb. 15, 16, 17, 
1952; d=824 statute miles, f=49.7 Mc. 


10. Transmission Loss for Tropospheric For- 
ward Scatter and Ground Wave Propa- 
gation - 


As was pointed out in an earlier paper [1] the 
concept of transmission loss is especially appropriate 
for describing forward scatter propagation, and this 
idea was developed in some detail in a recent paper 
by Norton, Rice, and Vogler [12]. Recently th: 
author showed [23, 24] that the (7/1,)Ay(7r/l,) correlation 
function could be used for describing the physic: : 
nature of atmospheric turbulence and that its use, 
together with an assumed exponential dependence 
of the gradient of refractive index with height, pro- 
vides a theory of tropospheric forward scattering in 
good agreement with the available data over a wid. 
range of distances, frequencies, and antenna heights. 

Recently, Bean and Thayer [25] developed several 
model tropospheric atmospheres which depend only 
upon the single parameter, N, the value of the refrac- 
tivity at the surface of the earth, i.e., (n,—1)-10~° 
where n, is the refractive index at the surface. In 
the present paper use will be made of the particular 
Bean and Thayer model in which N decreases linearly 
with height for the first kilometer above the surface, 
and exponentially with heigbt above 1 km, having 
scale heights dependent on N, for the height rang 
from 1 to 9 km but having a fixed scale height abov: 
9km. Figure 6 compares the trace of radio rays i 
these model atmospheres for the typical values of 
N,=250, 301, 350, and 400 and for several initia! 
angles 0, of departure. 

Jsing results of this kind, it is possible to use the 
methods of geometrical optics to calculate the 
groundwave fields expected in such atmospheres at 
points well within the horizon and to use the method 
described below for points beyond the horizon; it is 
then easy to join these curves and obtain a solutio,; 





whe 
refr 
era 
at t 
to ¢ 
hori 
mos 
“ect 


PATH ANTENNA POWER GAIN , DECIBELS 





240 c : 
200 | 
160 | 
120 | 
80 | 


aol | KA 0 


h-h,THOUSANDS OF FEET 


fe) 40 
(@) 





— > 320 360 400 440 geo 43> — 
240 280 420 560 


640 


DISTANCE ,STATUTE MILES 680 ~ 


720 
760 
800 


FicurE 6. Comparison of rays in the 1958 CRPL reference refractivity atmospheres with those for an earth with no atmosphere and 
an effective radius ae=5,280 statute miles (a-/a= 4/3). 


for the groundwave fields expected for such atmos- 
pheres at any distance and for any antenna height. 
Furthermore, using the methods outlined in [23] and 
[24] and to be described more fully in a paper [26] to 
be published in this Journal in the near future, the 
tropospheric forward scattered fields may be cal- 
culated. Figures 7, 8, and 9 are examples of the 
median basic transmission loss for the groundwave 
and for the tropospheric scatter modes of propaga- 
tion over a smooth spherical earth as calculated in 
this way. Allowance was made at the higher fre- 
quencies for atmospheric absorption by using the 
results of Bean and Abbott [27]. On figure 8 the 
first two oscillations of the field caused by interference 
between a direct and ground-reflected wave are 
shown for d=10 and 20 miles, but for the other dis- 
tances only one oscillation is shown. The six points 
of field maxima are shown for all of the distances as 
sircled points. Note that the total number of max- 
ima to be expected (as a function of range for a given 
height or as a function of height at a given range) 
for a particular antenna height is equal to the number 
of half-wavelengths contained in this height; in the 
present example 30 ft contains 6 half-wavelengths 
at 100 Me. 

It is well known that approximate allowance may 
be made for the effects of radio refraction in the 
troposphere by calculating the fields for an earth 
with no atmosphere but with an effective radius a, 
determined by 


— [+2 (Fb (75) 


where a is the actual radius, n, is the value of the 
refractive index at the surface and (dn/dh), is the 
gradient (usually negative) of the refractive index 
at the surface. We will see that it is a simple matter 
to calculate the transmission loss L at or beyond the 
horizon for a horizontally homogeneous model at- 
mosphere in terms of the transmission loss L, ex- 
“ected for an earth with no atmosphere but with an 
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effective radius a,. Figure 10 illustrates the geom- 
etry of this more general method of making allow- 
ance for the effects of atmospheric refraction on the 
transmission loss between antennas at a and at b. 
If the index of refraction is specified as a function of 
height above the surface in such a way that ray 
tracing methods [25] may be used for establishing 
the trajectory of the ray, and such a restriction will 
rule out very few atmospheric models that are likely 
to be proposed, then it is possible to calculate for 
such atmospheres Ah, and Ad, as a function of the 
height fh, and to calculate Ah, and Ad, as a function 
of the height h2. Figures 11 and 12 show Ad and Ah 
versus A for the above-described Bean and Thayer 
model atmospheres for N;,=250, 301, 350, and 400, 
ie., for a,=4878.50, 5280, 5896.66, and 6996.67 
statute miles, respectively. It may be noted that 
these particular model atmospheres have discon- 
tinuities in their gradients at 1 km above the surface 
and at 9 km above sea level, but these discontin- 
uities cause no difficulties since we have used ray 
tracing methods based on geometrical optics. Note 
that the use of geometrical optics is preferable in 
this particular application; thus the use of a rigorous 
wave treatment of the problem would probably 
have lead to false conclusions since the actual at- 
mosphere cannot have such abrupt discontinuities 
in its gradient. 

If n were assumed to have a constant gradient 


(dn/dh) =—n,g G-~) at all heights (as determined 


by solving (75) for (dn/dh), and then assuming that 
this surface gradient is the same at all heights), then 
it is easy to show for such an atmosphere that the 
distance to the radio horizon from a height A is 
given by 


d=a, arc cos [a,/(ae+h)]=&V2a-h (76) 


The approximation in the above is valid when A is 
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Figure 7. Median basic transmission loss for the groundwave and tropospheric scatter modes of propagation over a smooth spherical 
earth; over land c=0.005 mhos/m, «=15; horizontal polarization; transmitting and receiving antennas both 30 ft above the 
surface. 
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Figure 8. Median basic transmission loss for the groundwave and tropospheric scatter modes of propagation at 100 Me over a 
smooth earth in the 1958 CRPL reference refractivity atmosphere with N .=301; horizontal polarization over land; one antenna 
at 30 ft and the other antenna at the heights indicated. 


67 








db 


? 


4+—}—+. 


+ 


0 20 100 190 200 290 300 350 400 | 450 500 550 600 650 100 
DISTANCE , STATUTE MILES 





Figure 9. Median basic transmission loss for the graundwave and tropospheric scatter modes of propagation over a smooth earth 
in the 1958 CRPL reference refractivity atmosphere with N.=301; horizontal polarization over land; one antenna at 500 ft 
and the other antenna at 30 ft above the surface. 


sufficiently small. Since our model atmosphere has | where 


just such a linear gradient for the first kilometer hi=h,—Ah, and hz=h.—Ah, 
above the surface, we see why Ah and Ad on figures | or 
11 and 12 are equal to zero for heights / less than 1 L(d, hy, he) =L,(d’, hy, he) —10 logy(d’/d) (78) 


km. At aoe Seen = see by ap 6 or by fig- 
ures 11 and 12 how the distance to the radio horizon . 
gradually departs from (76) in the model atmos- d’=d+Ad, Ad, 
pheres which are much better approximations to the | Equation (77) was used for determining the median 
actual atmosphere than the assumption of a linear | basic transmission losses for the groundwave as 
gradient at all heights. shown on figure 8; essentially these same ray tracing 
Since the radio waves travel near the surface over | methods were also used for determining the scatter 
that part of the path (of length d, on fig. 10) between | Josses shown on figures 7, 8, and 9, but in this case 
the radio horizons, it is intuitively clear that their | they were used also for tracing the rays up to the 
propagation will be affected only by the refractive | scattering region as well as for tracing the rays from 
index gradient at the surface, and thus this portion | an antenna to its radio horizon. 
of the propagation will be independent of the other J. R. Wait, in a paper to be published shortly, has 
characteristics of the atmosphere. Thus it is clear provided a rigorous basis for our intuitive develop- 
that only those portions of the propagation path | ment of (77) for sufficiently high frequencies and for 
from the antennas to their radio horizons are affected | model atmospheres in which the variation of the re- 
by that part of the atmosphere much above the sur- | fractive index with height is monotonic. 
face, and these can be treated by the methods of Millington independently derived the above- 
geometrical optics. In this way the following rela- | described method of allowing for the effects of re- 
tions are determined for evaluating the transmission | fraction in a horizontally homogeneous atmosphere, 
loss L(d,h;,h2) between the points a and 6 in the | and suggested a formula for adjusting groundwave 
model atmosphere over an earth of radius a in terms | field strength similar to (78) but omitting the inverse 
of the transmission loss L, expected for an earth | distance factor 10 logio(d’/d) which is usually neg- 
with no atmosphere but with an effective radius a,: | ligible [28]. " 
The groundwave curves in the C.C.I.R. Atlas [29] 
L(d, hy, he) =L,(d, hi, hz), (77) | have been prepared using the approximately-linear 
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Ficure,10. Geometry illustrating the corrections Ad and Ah in the ray deviations between a model atmosphere and a sphere with no 
atmosphere but with an effective radius equal to a. 
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FicureE 11. Correction Ah to the heights of the radio horizon 
rays in the 1958 CRPL refractivity atmospheres relative to the 
heights they would have for spheres with no atmosphere but 
with effective radii ae. 
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Ficure 12. Corrections Ad to the distances to the radio horizon 
rays in the 1958 CRPL refractivity atmospheres relative to the 
distances they would have for spheres with no atmosphere but 
with effective radii ae. 








Eckersley profile n?=1—7n-+ ea?/(a+h)? for which the 
effective radius is given by a,=an3?/(1—7) and for 
which the distance to the radio horizon is given by 
(a a,)'? are cos fa/(a+h)]. This horizon distance 
differs only slightly from that given by (76) for the 
atmosphere with a linear gradient, but it is necessary, 
for extremely high antennas, to use values of Ad and 
Ah obtained for an appropriate reference atmosphere 
if accurate results are to be expected. The ground- 
wave curves in the present C.C.I.R. Atlas do not 
extend to sufficient heights to require much adjust- 
ment for nonlinearity of the atmosphere, but the 
curves in a recent atlas prepared for a linear atmos- 
phere at the Radio Research Laboratories in Japan 
[30] extend to sufficient heights so that a small ad- 
justment will be required. It is perhaps desirable 
to emphasize that these systematic corrections for 
atmospheric bending are not likely to be important 
in most practical applications, but it is aesthetically 
more satisfying and occasionally might be important 
to have a precise solution to this interesting problem. 

Figures 7 and 8 give the values of median basic 
transmission loss separately for the diffracted ground - 
wave and for tropospheric scatter. If we assume 
that the short term variations in the scatter fields 
are Rayleigh distributed, and that the groundwaves 
are relatively steady over short periods of time, then 
we may determine the expected combined median 
basic transmission loss Z,, in terms of the diffracted 
wave basic transmission loss Lj, and the median 
basic scatter transmission loss Ly»; as follows: 


Lom=Lra— R(0.5), (79) . 


where K=Lyg—Lyms+1.592 is the ratio in decibels 
of the average scattered power to the diffracted wave 
power, and /2(0.5) is given graphically and in tables 
in [9]. When K is less than —16.5 db, Lym differs 
from Ly_¢ by less than 0.1 db, and when K is greater 
i. 19.5 db, Lom differs from Lym; by less than 0.1 

Finally, to determine the expected values L,(p) 
not exceeded by p percent of the hourly medians 
during a year, we may simply subtract V(p, @) as 
given on figure 13 from Lym as calculated from the 
values given on figures 7 or 8 or as given directly on 
figure 9. The parameter @ is the angular distance [12] 
and, over a smooth spherical earth, is given by 


_4d; __d—d, —d, 


de Ae 


6 (80) 


where d, and d, are the distances to the horizons in 
the model atmosphere. The angular distance is a 
particularly convenient parameter for making appro- 
priate allowance for the effects of irregularities in 
the terrain as is explained more fully in [12] and [26] 
and the curves on figure 13 may be used for a rough 
earth as well. 
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11. Range of Tropospheric Forward Scatter 
Systems 


As an example of the method of using transmission 
loss in systems design, the problem of estimating the 
effective maximum range of a radio relay system 
using tropospheric scatter is considered. As an 
illustration of typical ranges to be expected, we will 
assume that the terrain is smooth, and will base our 
predictions on the above-described Bean and Thayer 
[25] model atmosphere with N,=301. We will 
assume that either two 28-ft or two 60-ft parabolic 
antennas are used at both ends of the path, with 
their centers 30 ft above the ground and connected 
in a quadruple diversity system. With these 
assumptions, we may use the methods described in 
the preceding section to determine the transmission 
loss, L(99), which we would expect one percent of 
the actual hourly median transmission losses to 
exceed throughout a period of 1 year; the use of 
these one percent losses implies that the specified 
service will be available for 99 percent of the hours. 
Tables 1 and 2 give for the 28-ft and 60-ft antennas 
the free space gains G,+G,, and the path antenna 
gains as a function of frequency and distance, while 
tables 3 and 4 give Z(99) as a function of frequency 
and distance. 

The transmitter power P, required to provide a 
specified type and grade of service for 99 percent of 
the hours may be obtained from the equation 


P,=Pia (99%) + Li=L,+L(99) + Rit F+B—204, 
(79) 


where LZ, is the loss in the transmitting antenna 
circuit and this is set equal to 1 db in the following 
calculations. Pi, (99%) may be determined from 
(69) and this is equal to the right-hand side of (79) 
since we will assume that the effective receiver noise 
figure has the constant value F=5 logify.-—5 so 
that o7,=0 and L(99)=Lman+ orn (0.99); it is as- 
sumed that the receiver incorporates gain adequate 
to ensure that the first circuit noise is detectable. 
B=10 logy(b.+bm) is the effective receiver band- 
width factor with 6, and b,, expressed in cycles per 
second; 6, allows for the drift between the trans- 
mitter and receiver oscillators, while 6, allows for 
the band occupied by the modulation. 

For the calculations in this paper, the transmitter 
and receiver oscillators were each assumed to have 
a stability of one part in 10° and to vary independ- 
ently so that b,=/2 fycl0-*. Table 5 gives the 
values of b,, assumed for the various types of service 
considered. Table 5 also gives the values of ?, for 
the various kinds of service on the assumption that 
quadruble diversity is used. The value of 7, for 
the FM multichannel system is expected to provide 
a service with less than an 0.01 percent teletype 
character error rate. The FM multichannel system 
consists of 36 voice channels, each of which can 
accommodate sixteen 60 words per minute teletype 
circuits. The values of /?, given in table 5 were 
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Ficure 13. Variance of transmission loss in tropospheric propagation. 
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TaBLe 1. Path antenna gain ‘for 28-ft parabolic antennas 30 ft | TABLE 2. 

above a smooth spherical earth with a CRPL model radio re- 30 ft above a smooth spherical earth with a CRPL model 

fractivity atmosphere corresponding to Ns=301 radio refractivity atmosphere corresponding to Ns=301 

| : | 5 
Me | GitG, | ] | fue | GitGr l i eee l 
d=100 150 200 300 500 700 | 1,000 d=100 150 200 | 300 | | 700 1,000 
mi | mi 
a ee he ea neces a ocd el es bia = | 
| | | 
| ab | db db db db | db db db db db dt db db | db 

100} 33.02] 33.02] 33.02] 33.02] 32.92] 32.82] 32.72] 32.67 100 46.26 | 46.16] 46.16] 46.06 | 45.86 45. 16 
150 40.07 | 40.07 | 39.97] 39.97] 39.87 | 39.57 | 39.47] 39.37 150 53.31 | 53.21} 53.11] 52.91] 52.51 51.48 
200 45.06 | 45.06} 44.96] 44.86] 44.66] 44.36] 44.16] 44.06 200 58.30 | 58.10] 57.90} 57.60} 57.00 55. 86 
300 | 52.11 | 52.03] 51.91 | 51.71 | 51.31] 50.81] 50.51] 50.41 300 65.35 | 64.95 | 64.45 | 63.95 | 62.85 | 61.90 
500 | 60.98 | 60.75] 60.38} 60.08 | 59.38] 58.48 | 58.18 | 58.18 500 74,22 | 73.22] 72.67] 71.02] 70.22 | 68.12 
700 | 66.83 | 66.35 | 65.83 64.33 | 63.23 | 62.83 | 62.93 790 80.07 | 78.37] 77.07] 75.87 | 74.17 71. 57 
1,000} 73.02] 72.12} 71.22 69.22 | 67.92 | 67.32] 67.22 1, 0v0 86.26 | 83.46 | 81.46] 79.96 | 77.86 | 74.66 
1,500} 80.07} 78.32] 76.57] 7 74.27 | 72.57| 71.67| 71.57 1, 500 93.31 | 88.51] 85.91] 84.01] 81.51 77.81 
2,000 85.06 | 82.48 | 80.66 | 79.26} 77.16] 75.46 | 74.36] 73.86 2, 000 98.30 | 91.70 | 88.80} 86.60] 83.7 | 79.80 
3,000 | 92.11] 87.71] $4.21] 83.41] 80.91] 78.51 | 77.61] 77.31 3,000 | 105.35] 95.75 | 92.25 | 89.65] 86.35 | | 82.45 
5,000 | 100.98 | 93.28} 90.18] 87.68] 84.68] 82.18 | 81.28} 80.98 5,000 | 114.22 | 100.02 | 95.62] 92.92] 89.52 | 85.42 
7,000 | 106.83 | 96.53 | 92.83 | 90.03 | 86.83] 84.12] 83.33] 82.93 7,000 | 120.07 | 102.37] 97.87 | 94.97] 91.17 | 87.07 
10,000 | 113.02 | 99.32} 95.22] 92.52] 89.02] 86.02] 85.22] 84.92 10,000 | 126.26 | 104.56 | 99.96 | 96.66 | 93.06 88. 76 
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TaBLE 3. Transmission loss L(99) (corresponding to fields 
exceeded 99 percent of the time) expected between two 28-ft 
parabolic antennas at a height of 30 ft above a smooth spherical 
earth with a CRPL model radio refractivity atmosphere 
corresponding to N,=301 








Z(99) in decibels 












































d mi 
fo ¥ = 
100 150 200 300 500 700 1,000 

100 163 167 170 182 208 233 277 
150 157 162 165 177 201 226 270 
200 153 158 161 173 197 222 266 
300 148 153 157 169 193 217 260 
500 143 149 153 166 190 214 256 
700 140 147 151 165 189 213 254 
1,000 138 145 150 164 188 213 252 
1, 500 136 145 149 165 189 213 | 254 
2,000 136 144 150 166 190 214 256 
3, 000 136 148 152 168 193 218 258 
5,000 138 149 156 173 199 223 264 
7,000 140 153 161 180 207 231 27 
10, 000 148 163 174 196 224 248 289 
TaBLE 4. Transmission loss L(99) (corresponding to fields 


exceeded 99 percent of the time) expected between two 60-ft 
parabolic antennas at a height of 30 ft above a smooth spheri- 
cal earth with a CRPL model radio refractivity atmosphere 
corresponding to N,=301 








Z(99) in decibels 


























| 
fro | d=100| 150 | 200 | 300 | 500 700 1,000 
mi | 
ictal = 
100 150 | 154 187 169 195 221 264 
150 M44} 149 152| 164 188 214 257 
200 140 145 148| 161 185 210 | 254 
300 135| 141 144 158 182 206 | 249 
500 131 137 142 155| 180 204 | 246 
700 | 127) S136} = 140 155 179| 204 | 245 
1,000) 127| 135) 140 156 | 180 205 244 
1,500} 126) 136] 141 157| 182 207 248 
2;000| 128 | = 136/42 150] 184 209 250 
3,000 | 128 139} 145 163} 188 212 253 
5,000 131 143 151 169 195 219 260 
7, 000 134} 148 156 176 | 203 227 268 
10, 000 142 | 18} 170| 192] 219 244 285 





determined by methods given in a recent report by 
Watt et al. [31]. The value of R, for the FM multi- 
channel system corresponds to typical fading en- 
countered at 1,000 Me, and this value of R, may 
change by a few decibels with frequency as the fading 
changes, but such changes have so far not been 
evaluated quantitatively; furthermore, FR, will also 
change as the fading changes from hour to hour. 

Table 6 gives as a function of frequency the maxi- 
mum permissible hourly median transmission loss 
for a transmitter power of 10 kw: Ly=204+P,— 
L,—R,—F—B corresponding to the kinds of service 
described above. By combining the information in 
tables 3, 4, and 6, we can estimate the maximum 
range for a quadruple diversity system with 10-kw 
transmitters. These ranges are shown on figure 14 
as a function of the radiofrequency. 
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TABLE 5 








Post detection 





Type of service tm Re Signal bandwidth | signal-to-noise 
ratio 
cps db cps db 
Transmission loss 0 ag Se Re 


measurement. 


FM multichannel 


3, 750, 000 9.5 


36 voice channels 


0.01% teletype 





system, each capable of character 
use for sixteen error rate. 
60 words per 
min teletype 
circuits. 
Tat seule... .. 2.2 150, 000 eee 50.¢ 
U.S. standard tele- | 3,750,000 32.7 | 3,700,000............. 30.° 


vision. 

















® Ratio between the median intermediate frequency Rayleigh distributed 
signal and the rms Rayleigh distributed noise. 

> Diversity reception not involved in this case. 

¢ This ratio will be exceeded with a quadruple diversity system for 99 percent 
of each hour for which the corresponding value of Rn is maintained in each 
receiver. 


TaBLE 6. Maximum permissible transmission loss LM for 
10 kw transmitters using the parameters of table 5 





























Transmission FM multi- ; U.S. standard 
IMe loss measure- channel FM music television 
»ment 
Sp iteccaciescscnsices 236. 50 162. 76 159. 74 139. 56 
| 233. 85 161. 88 158. 86 138. 68 
__ ee 231. 98 161. 26 158. 23 138. 06 
eee 229. 34 160. 37 157. 35 137. 17 
De iticiuene 226. 01 159. 27 156. 25 136, 07 
Ne eee One 223. 82 158. 54 155. 51 135. 34 
| es. 221. 50 157. 76 154. 74 134. 56 
RDS keene 218. 85 156. 88 153. 86 133. 68 
i eee 216. 98 156. 25 153. 23 133. 05 
a 214. 34 155. 37 152. 35 132. 17 
et 211.01 154. 27 151. 25 131. 07 
( aaa 208. 82 153. 53 150. 51 130. 33 
_) ee 206. 50 152. 76 149, 74 129. 56 
” Transmission Loss | 
Se ee ee a. Measurement 







=| Gbeseasers 28 Foot Parabolic Antennas | | Ss 
-FM Multichannel | ™ 
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= 
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=i 
a 400 t | i CFM Music /\ (Voice or Teletype)’ ‘ 
Ye | 
Z a ae rama a 
x aun 1 aoe, 
~ 

2 7 4 TV RSS 
s '50 a Ba? SS 
= 7 SS 
S #4 a 
= 0LzZ 

100 5000 7000 10000 


300 500 700 1,000 2000 3000 
FREQUENCY, MEGACYCLES PER SECOND 


Ficure 14. Mazimum distance at which satisfactory service of 
the types indicated may be provided for 99 percent of the hours 
using 10 kw. transmitters and quadruple diversity; smooth 
spherical earth; Ns=301; ht=h,=80 ft; atmospheric absorp- 
tion and rain attenuation typical of the Washington, D.C., 
area. 
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Mode Expansion in the Low-Frequency Range for 
Propagation Through a Curved Stratified 
Atmosphere 


H. Bremmer* 


(January 8, 1959) 


This expansion is particularly useful when considering ionospheric propagation at low 
frequencies. The complex problem dealing with two media, viz., a homogeneous earth 
and a surrounding stratified atmosphere, leads to intractable expressions. However, as 
the influence of the earth may be accounted for by an approximate boundary condition at 
the earth’s surface, the problem is then reduced to that of the outer medium only. The 
coefficients of the mode expansion for this simplified problem will be derived while taking 
into account the earth’s curvature; however, the latter proves to be negligible under very gen- 
eral conditions. The expansion to be derived is wanted in particular when studying the 
influence of a gradual transition in the electron density with height at the lower edge of the 
ionosphere. 

1. Introduction 


Maxwell’s equations for time-harmonic functions proportional to exp (—iwt) can be put 
in the following form (expressed in Gaussian units) provided the dielectric constant «, the 
permeability » and the conductivity o are independent of time: 


-> A) > ed a) > 
curl e—t~ wh=0; curl h+t- e,e=—0, 


div (<e)=0; div (uh) =0; 


the complex parameter ¢,=e+747Z/w includes both dielectric and conductive properties. 

We take »=1 and assume a stratified atmosphere of spherical symmetry, all properties 
of which can be considered as functions of the distance r to the center of the earth. We ac- 
cordingly substitute ¢,=k?(r)/ko, ko=w/e being the wave number in a vacuum; k(r) can be 
interpreted as the local wave number at a height r—a (a=earth’s radius) above the surface 
of the earth. In the absence of the earth’s magnetic field ¢,(r) constitutes a scalar. The 
Maxwell equations (1) can then be satisfied by the field 


ro BO = curl curl {kur} si hap - curl {rit}, (2) 


provided the Hertzian vector ty r has a radial direction throughout space & being a vector of 
length 7 in this direction) ; moreover, the amplitude H has to satisfy the following scalar wave 
equation in the outer space r>a: 


, (1) 


(A+kea) H= (3) 


in which the new parameter k%, is defined as follows [1]': 


Be) =BO—k) ee ote @) 


The solution (2) is of the so-called electric type which includes the case of a vertical electric 
dipole to be considered hereafter. Let the dipole be placed in a homogeneous slab extending 
in the region a<r<a’ directly above the earth’s surface, the upper boundary r=a’ of which 
may be identified with the lower edge of the ionosphere in the case of ionospheric propagation. 


* Present address: Philips Research Laboratories, Eindhoven, The Netherlands. 
1Figures in brackets indicate the literature references at the end of this paper. 
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Assuming a wave number fy inside this slab, the primary field of an infinitesimal vertical dipole 
can be derived from (2) by substituting for H the function: 
Il exp (ik) TP) 


H,,(P) “a a. ces (5) 


T and P here represent the positions of transmitter and receiver, TP their mutual distance, } 
the distance from T to the center of the earth, and J/ the moment of the transmitter. The 


pa 
correctness of (5) is shown by comparing the associated radial Hertzian vector H,, 7 with the 
conventional Hertzian vector for such a dipole. The latter Hertzian vector has a constant 
direction (parallel to the dipole axis) throughout space, its amplitude being given by 
il exp (tkoT'P) | 
c TP 


It‘ can be verified that both Hertzian vectors only differ by a gradient, namely that of the 
quantity 7/1 exp(ikoTP)/(bkoc) ; however, such a gradient has no effect whatever on the primary 
- 


field which can therefore also be derived from the radial Hertzian vector H),r according to (5). 
2. Form of the Mode Expansion 


The homogeneous wave equation (3) does not hold at the transmitter itself. The latter 
involves a singularity of the amplitude H at the point T. In view of (5) this singularity is 
the same as that of the function J//(cebTP). We introducé polar coordinates with the origin 
at the center of the earth and the axis 6=0 drawn through the transmitter, the position of 
which therefore is given by r=b, 6=0. The singularity in question can be accounted for by 
a right-hand side of (3) which only differs from zero at 7. The complete wave equation in 
the outer space r>a thus proves to be: 
=. 6) 


Il 
(A+ kin) =—4 obi 5(b—r) — 


This equation can be verified by integrating both sides over an infinitesimal sphere around T, 
while applying Gauss’s integral theorem to the left-hand side, and the following properties of 
the impwse function to the right-hand side: 


R b+e 
f ” 56) ain 6d6= , 5(0)de=z: f 6(6—r)dr=1. 
0 6 0 2 b-e 


We next assume that the influence of the earth may be accounted for by the boundary 
condition 


2 (H)=rH,  (r=a) (7) 


which is the equivalent of the corresponding condition 0H/0z=~H for a plane boundary. The 
quantity —7y/{koe-(a)} can be interpreted as a surface admittance (ratio at grazing incidence 
of the electric field and the magnetic field, both at infinitesimal distances above and below 
the earth’s surface). For ¢,(a)=1 the parameter ¥ is given, for a vertical dipole, by 


. 
= (ki—ké) ‘y 


k, being the complex wave number inside the earth. The special case of a perfectly conducting 
earth corresponds to y=0. The value of y can also be chosen such as to account for a strati- 
fication in the ground [2]. 
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The approximative boundary condition (7) has two advantages in the present problem, 
viz., (a) it reduces the original two-media problem to that of the outer medium only, (b) it 
guarantees the existence of a complete set of discrete orthogonal modes in the outer space 
a<r<o. These modes are characterized as solutions of the wave equation (3) that satisfy 
both the boundary condition (7) at r=a and a proper radiation condition at r= ~. 

The general form of the modes is obtained by determining solutions of (3) with the aid 
of a separation of variables. Owing to the axial symmetry of the present problem around 
the axis 6=0 (containing the transmitter) we only have to concern the polar coordinates 
rand @. The expansion of the scalar H in terms of the modes in question then becomes of 
the type: 


H=Sieifn(0)Pn{ cos (x6) }; (8) 


the height-gain functions f,(7) occurring here are solutions vanishing at infinity of the differ- 
ential equation 
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' : 
a ( rit Kig(r) Pt } (7$n) =0; (9) 


finally the discrete eigenvalues n, (constituting the order of a Legendre function) are to be 
determined from the boundary condition 


<(h)=1h, — (r=a): (10) 


3. A First Evaluation of the Coefficients of the Mode Expansion 


The condition (10) guarantees the required boundary condition (7) for the complete solution 
(8). All Legendre functions in (8) become infinite along the whole axis @=0, n; being not an 
integer; however, the proper choice of the coefficients c; will reduce this singularity to the 
required singularity at the transmitter JT only. In view of properties of Legendre functions 
the singularity of each term of (8) appears from the approximation 


2 2 
P,,£ cos (r—8) } ~ sin (nm) log — sin (nm) log te (9-0 or p—>0) (11) 


p being the distance from the point (7, @) to the axis €=0. The approximation (11) can be 
proved by applying Tauber’s theorem [3] 


Lim { rin } =Lim mo 
p-0 too t 


to the operational relation h(t)*=f(p) for which [3, p. 243, eq (35)] 


___V(p)0(pt)) _ 
P(p+n+1)l(p—n) 





h(@)=P,2e'—-1)U; — f(p) 


while substituting t=—2 log sin (6/2). In its turn the approximation (11) involves the three- 
dimensional equation: 


(A+ Rey) [fa(r) Px {cos (—8) }]—=* sin (an) IX 90. (12) 


This equation can be proved along the same lines as (6), but by integrating over an infinitesimal 
cylinder around @=0 instead of an infinitesimal sphere around T; the proof is facilitated by 
replacing 5(6)/(r70) by the equivalent quantity 6(p)/p. 


77 








A summation of (12) over all eigenvalues, after an initial multiplication by c,, yields, in 
view of (8): 


(A+ he,) H=* 5 SS ey sin (rn)fu(0). 


The introduction of both negative and positive modes avoids the occurrence of a deviation 
of ¢ from the general expression for c; valid for 10. In fact, it is well known from the special 
case of a perfectly conducting earth and ionosphere that the addition of the / and —/ mode to 
a single one involves an exceptional value of c,) (Neumann factor). Obviously, the right-hand 
side of the latter relation has to be identical with that of (6), so as to have: 


—- = ¢, sin (7m) f, (7) =— a 6(b—r). 


A further multiplication by 7? yields: 


= => ¢; sin (rn;) fu (=— 2 6(b— (13) 


T l=—o@ 


The right-hand side of (13) can also be expanded in terms of the functions f,, (7). In fact, 


the complete orthogonality of the latter over the interval a<r<@ involves the following 
expansion for an arbitrary function g(r): 


. i] " g(r) fa,(r)dr 





g(r) = Dy Bors fn (r)- 
ee [fide 
An application to g(r)=6(b—r) results in: . 
= n b n 
sone Sy Oba, 


me [finde 


Hence, by equating the coefficient of f,, (7) in both sides of (13), we can evaluate c; The 
substitution of the value thus found into (8) yields the final form of the mode expansion, viz., 
IL se Snf®)fuj0) Pueos 0} 


H=—r -; oe — 
cb _ Pi)dr (sin 77) 





(14) 


4. Another Representation of the Mode Expansion 
The coefficients of (14) only depend on the eigen functions f,, at the transmitter and receiver, 


apart from the integral in the denominator. Fortunately, the latter can be reduced as follows 
to a quantity referring to the earth’s surface; hence, the behavior of f,, elsewhere needs not 


to be known explicitly. We apply the operator 
%) %) 
2 (hdr 
to (9). The resulting expression can be represented in the form: 
2 2d a Ss _@ = 
ntl) f eA th Son Id Fa Oe) (rhs) bs 
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in which d/dr denotes a differentiation with respect to r at constant n. An integration of 
this equation over the interval a<r< ©, taking into account the vanishing at infinity of the 
expression between braces, yields a relation which can be put in the form: 


d : 
dr (rfn) 
I. r=a 





Qn+1) | ROd=—| Ape 


We bear in mind that (d/dr) (rf,)/(rf,) at r=a does in general depend on n, though this 
quantity assumes the value y independent of n; at the eigenvalues n; of n [see (10)]. The 
integral in (14) can thus be evaluated; it leads to the following alternative form of the mode 
expansion for H: 





ll ¢ (2m. +1) Sny(0) Inj(?) Pn, {cos (w—8) } 
mene a [5 (th) @) sin (@n) ” 
on — hee 


We now pass to the vertical component £, of the electric field, the most important field 
component for the vertical dipole under consideration. The field representation (2), com- 
bined with the wave equation (3), implies the formula: 


ee (12 4°) oH) 
=p Ket aps) OH). 


The operator k¢q+07/dr? only affects the height-gain factors Jnr) of (15). The resulting 
quantity reads, in view of (9), 


(+35) (fs, ) =U? 5, 


We thus obtain from (15) the following further mode expansion: 


pit 7 m4 (n.+1) (2: M™ +1) Fny(6) fn) Paicos ( (r— 8) } 
— R 2 9 
= od aie (rf) fn, @ sin (rn,) (16) 


= 
YF, r=a,;n=n] 


5. Connection of the Mode Amplitude With the Atmospheric Reflection 
Coefficient 


The dependence of the mode coefficients in (16) on the height-gain functions f, (7) can be 
replaced by that on a properly defined reflection coefficient. In order to discuss this coefficient 
we assume a homogeneous layer a<r<a’ with wave number k=ky above the earth’s surface. 
In the case of ionospheric propagation this layer may be identified with the space between 
the earth and the ionosphere, its upper boundary r=a’ then representing the lower edge of 
the ionosphere (at a height h=a’—a above the earth’s surface). In the case of the troposphere 
the thickness h might finally approach zero; the wave number in the homogeneous slab then 
had better be taken equal to kj ky in order to account for the small difference of the refractive 
index at the earth’s surface from its vacuum value of unity. We shall restrict ourselves to 
the ionospheric case; it then is sufficiently accurate to identify the wave number in the inter- 
space between the earth and the ionosphere with its vacuum value kp. 

In the homogeneous slab the general solution of (9) is well known, viz., a combination 
of two spherical Hankel functions: 


(1) aw \% 
he (bor) =( ses) H® (kyr. 


79 














(1) 
The corresponding complete wave functions hi? (kor)P,{cos (r—6)} represent a rising and a 
descending wave, respectively. A special mode will in general contain both these waves. 
Hence the height-gain function has the form: 


Fn) Sahn” (kor) +Bahv? (kor) = (a@<r<a’). (17) 


Near the earth’s surface the logarithmic derivative in the denominator of (16) therefore can 
be represented as follows: 


Te Se) en (i Uhr) }+ Ba CR a) } 


i Pr {ah (kor) +B,hi (kor) } 


dr (18) 





This quantity depends, amongst others, on the ratio a,/8, which can be connected with 
a reflection coefficient. In fact, the second term of (17) constitutes the reflected wave that 
corresponds to the rising wave represented by the first term; hence we can interpret the ratio 
of both terms at r=a’ as an atmospheric reflection coefficient T(n). We then obtain: 


Br LS (koa’ ) 
ne yh io  (keoa’ y a 9) 





with the aid of which (18) can be transformed as follows at r=a: 





GI) | SECO? Car) net Pen) Pvgtay “eT Cr) 3 


I. af i? (koa) + } T(n n) oes ) 7) 
i T=a 


(20) 





For a stratification degenerating to a homogeneous medium in the domain 7>a’ the coefficient 
T(n) proves to reduce to the Fresnel reflection coefficient for an elevation angle (compare next 
section) t=are sin (n/koa) if, moreover, the earth’s curvature is neglected. 

The rigorous expression (20) has to be differentiated with respect to n in order to obtain 
the denominator of (16). We shall derive a suitable approximation of this complicated quan- 
tity in the next section; it is then convenient to convert (20) into the alternative form: 


_ 
hE? ya’) | ae HS? Chor} 
© ok 











1+-7(a) a7 
£ of) F AD (er) } ha? (hoa’) | p> esp) } 
dr »: dr dr r=a (21) 
1. i rhi? (kor) 1+T(n) hi? (koa’) h& (Keoa) 
i a h® (kya’) ho (koa) 


6. An Approximation of the Mode Expansion (16) 


The approximations for the function h,(z) have a different analytical form according to 
the position in the complex plane of the parameter z/n. We restrict ourselves to those values 
of z/n that correspond (for real z~k,a) to eigenvalues n,; of n of type I, using Rydbeck’s no- 
menclature [4]. These eigenvalues can be characterized by the unequalities: 


Re n<kya— (kpa)?*, Im n>0,|n|>>1. 


Such eigenvalues prove to play the dominating role in long-wave propagation. The approxi- 
mations valid for the corresponding range of 2/n read [5]: 








*2/n 2z/n 
exp{ (n+) {a —u)'2 oh exp{ —(n+8) [a “wi m\ 
AY (2) ~ 1 Ser 4 - hi? (2) ~i 7 U (29) 
inayin (1-2) ina)# (1-8) 


in which the square roots are assumed as having a positive real part. 
In view of the quantities occurring in (21) we are particularly interested in the two 
following further approximations which can be derived at once from (22): 














AY (2 ; 2/n ’ 

aaa exp { 2(n+8) [ (1—w2) 1/2 o (23) 

n Jil 

d (1) 

: nee) 

dz the (n?— 22)1/2 ‘ 
De ~ssty, <s ae Es (24) 


We next substitute n=ka sin + or n=k,a’ sin 7’. The asymptotic approximations of 


the complete wave functions he (kor) P,{cos (r—6)} then show that 7 and 7’ can be in- 
terpreted as the (in general complex) angles between the ray trajectories associated with the 
mode in question, and the verticals at r=a and r=a’ respectively. Moreover, we substitute 
for z koa or kya’. The corresponding transformations of (23) and (24) lead, amongst others, 
to the following approximations: 


hn? (koa’) ~iexp|2 ike a’cos r’—a sin 7 ( =——7’ 
hP (koa) ‘ : 
a io~ . iexp | - Qikoa { cos 7T—sIn 7 i} 
n 0 
d (2) (Ie 
,m { tev) } ae tan? 7 
~ky (+ 2, COs T——— *), 


) oa 
rh (kor) Ute 





7 =a 


An application of the two latter relations yield: 





d sad ad ae as = 
de {7EChar)) || gp EAR) Ye ARO) | 
ates, 0 Ee | 
£ (rho? (ka) } rh (Kor) rh (kor) hi? (koa) 
tan?r 1 1 
=~ky (i c08 7 Sha )* y, 


: tan?r ; “ : r 
ko —1 cos Top) texP —2ika< cos r—sin r a?) 
ako “ / 


The final substitutions of all these approximations into (21) yields: 


1+7 tan*r/(2koa cos 7) 

as p2ikgh cos r 

5 (fn) ~—(ik ‘tie +n 1—Fe 1—72 tan?z/(2koa cos 7) (25) 
rtp 0 ne 2a 1+ 7(n)e2**o" cos r 











Ta 


provided we neglect the small difference between 7 and 7’ (this difference vanishes altogether 
in the flat-earth approximation). 
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In (16) we need the derivative of (25) with respect to n. According to the relation n 
=k, a sin t we have 


On kya cos r Or 


A corresponding evaluation of the n-derivative of (25) results in: 


d 
fo dr (fn) _— 1 re sin - T —(i - 4 tan'r nl 
on rfp, ~ @ecosT "koa cos*r \" 87 “a Or 


rT=a 





a . 1+72 tan?z/(2koa cos 7) 

om, } 2ikyjh cos r ‘ 

1—TP(n)eo 1—1 tan*r/(2koa cos 7) (26) 
1 + T(n) e2ikor cosr 








Moreover, we shall apply the well-known asymptotic approximation for Legendre func- 
tions having a large complex order n with positive imaginary part, viz., 








P,,{ cos 9} _( 20 12 EFI /D0. (27) 
sin (n7) mn sin 6 


A final substitution of both (25) and (27) into (16), while approximating n;+1 and n,+1/2 
by n,=k,a sin 7; yields the following expansion in the simplest case of a transmitter and 
receiver on the ground (r=b=a): 


3/2 9; 1/2 
o ke at 2ur ei0/2 

















E,~—2 
' asin 6 
>> sin®/?7, etka Sinz 
Is—e 1—T(n) etitoh cose 1+7 sin?7/2ka cos*r 
ii tat 7 tanr 7 sin?r 1—7 sin?z/2koa cos*r (28) 
*T Keoa. cos*r 2koa cos*r > 1+ T(n) 20 co8r 2 


TT, 


7. Flat Earth Approximation of the Mode Expansion 


The following simplification results from (28) for a= ©, remembering the relation 6=d/a 
(d=distance from transmitter to receiver): 


9 Koll 2ri\i? > a - sinr; 
~ it! a (= +) y Pascoe (t > ){ ; T(n)er**o" cosr je (29) 
I a tT i+ T( mv) e2*or cosr ‘, 


This expression can also be derived straightforwardly by applying the flat earth condi- 
tions right from the beginning, while replacing the boundary condition (7) at the earth’s 
surface by 








oll i 
Sp (e=0). (30) 
The rigorous expansion for the amplitude of the vertically directed Hertzian vector II [to be 
substituted in (2) instead of H7’| then arrived at reads: 


_2nri ant 7 >> hy (ho) fr, (2) 


i—, eB =I. #0) §? (Aid). (31) 














In this series, replacing (15), f,:(z) denotes a height-gain function solving the differential 
equation 


SP (al) —MA=0, 


and satisfying the radiation condition at infinity (g= ©). The other boundary condition (30) 
involves the relation 


fx, 0) =f) (z=0) (32) 


at the earth’s surface [replacing (7)]; this condition can only be satisfied if \ equals one of the 
eigenvalues );; io represents the height of the transmitter above the earth. The expansion 
for the vertical component of the electric field [replacing (16)], to be derived from (31), 
becomes: 


fy, (ho) fu (z) 


2a 
x: sili kee! io ti | #20) 
=0; A=); 


The wave functions in the homogeneous slab o<.z<h above the earth here reduce to 
simple exponentials so that (17) is to be replaced by: 


H§” (uid). (33) 








fx(2)=0n exp { —(—kp)'?z} +B, exp {(V—kp)"?z}, (34) 


which enables an easy evaluation of the denominator in (29). The final series representing é, 
for a transmitter and receiver on the ground (h,=2=0) then proves to be, substituting more- 
over \,;=k, sin 7), 





Qrik? sin’ r : 
mn ——2 i> ( 5 Ey gesia yghiigh ca) >) HY (kod sin 7;). (35) 
[( mT Oe) LTT eet os ib 


This rigorous series leads to (29) if the Hankel function is replaced by its asymptotic approxi- 
mation. A comparison of (29) and (28) shows under what circumstances the earth’s curvature 


becomes negligible. 
An evaluation of the derivative in the denominator of (35) leads to the alternative form: 














‘aia ~s Il oS sin? rt, HQ (kd sin 7) _ 
de = ‘ 1— JT e2tkor cos r m e2tkoh cos 7(Qikoh sin 7tT—dT/dr) (36) 
an 7 1+ Tete cos pe (1+ Te?**or eos r)2 = 


The denominator of (36) can further be worked out by considering the equation determining 
the modes. The latter is arrived at as follows. A substitution of (34) while evaluating the 
boundary condition (32) leads to the relation 


(Bf) —1 


(Bla) +1 (r?2 —k?)} tiny for \= Ar 


On the other hand, the definition of the atmospheric reflection coefficient for the flat case 
involves the following analogy of (19): 


TO)= 2 g2h(M—K3) ¥, 
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An elimination of 8/a from the two latter relations yields an equation which can be put in the 
following form [replacing \ by kosinr and (\?—ké)!/? by —ik cos 7]: 


tho cos T+ 


2ikoh cos 7 1 
T)€ =1, 
ik COS T:—Y_ Tn) 


The first quotient here proves to be nothing else but the approximative plane-wave reflection 
coefficient at the earth’s surface, R(r;) say, that results from the boundary condition (32). 
Hence the mode equation reads: 


R(r,) T(r) 20 8 1—1, 37) 


This simple equation is also obtained at once from the following resonance condition. We 
consider a plane rising wave in the homogeneous slab 0<(2<h, and derive the other plane rising 
wave that results from it after a reflection against the lower edge of the stratification and a 
reflection thereafter against the earth surface. The relation (37) then expresses the condition 
that the latter rising wave should be identical to the original one. 

The exponential exp (2ikoh cos7,) in (36) can now be replaced throughout by {R(r,) T(7,)}7? 
This yields the following expansio® replacing (36): 


ial ss Il > {1+R(r,) }? sin? 7, 
= is— { (1— A?) tan 7+2R(2ikh sin 7—O log T/07},=7, 











HA? (kod sin 7;). (38) 


For completeness sake we also mention the corresponding asymptotic approximation based 
on large values of kod, viz., 








acu — (at)? (2k) a = {1+R(r,) }? sin%7, cos 7; eikgt sin, 
c 8 6d ere {142k ane (28th eee) 
sIn 7 


8. Special Case of a Flat Stratification Reducing to a Homogeneous 
Atmosphere 


A further reduction of (38) is only possible by introducing a special model for the stratification 
in the space z>h. Let us consider the example of a homogeneous atmosphere, sharply bounded 
at z=h. The other boundary z=0 of the interspace 0<.z<h also being sharp, the situation 
becomes almost identical to that of a wave guide limited by two infinite plane parallel plates 
with a separation h. However, we have to bear in mind the approximative boundary condition 
applied at z=0 so that this wall behaves differently from the other wall at z=h. Let us mark the 
refractive index of the atmosphere by n;; the reflection coefficient 7’ then reduces to an ex- 
pression of the Fresnel type, viz., 

ni, COS t—(n§j—sin? * 


T(r) =i 23 


n2 cos 7+ (n?—sin?r) 


This formula involves the relation 


OlogT = 2tanz(1+T7) 
or (1—T) (sin?s—72 cos?r)’ 


with the aid of which (38) can further be transformed [6] into: 


(1+ R)?2 sin? cost 


ae — Fae _ ri Pia iatne. / 
Il ie 1+ 4e$ ih oor 147 HY (kod sinz;). (40) 








l= _ 


(1—T) (sin? —n?cos?7) r]1; 
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Owing to the approximative boundary condition at z=0 we here obtain a completely discrete 
sum. The rigorous boundary condition at z=0, on the contrary, would yield also an integral 
contribution which can be ascribed to a continuous part of the mode spectrum. However, the 
latter vanishes in the case of a perfectly conducting wall at z=0. 

The result (40) is also rigorous for a wave guide limited by two perfectly conducting walls at 
z=0 and z=h; we then have 7=R=1. In this case we derive from (40) the following series for 
the vertical field component at z=0 that is due to a dipole also situated at z=0: 


—2aky Il > sin?r,; H (kgd sin 7;). 


ch l=— 





a 
The corresponding asymptotic approximation becomes: 


/2 
Pa my at Ss SD sin®z, HG (kod sin 7,); 


th l=—o 


moreover, we may substitute 7,=are cos (al/koh). 


This work was done at the United States National Bureau of Standards, while the author 
was on leave from Philips Research Laboratories (Eindhoven, Netherlands). He is indebted to 
the Radio Propagation Engineering Division of the National Bureau of Standards for providing 
him with the opportunity to work in Boulder. 
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Transmission and Reflection by a Parallel Wire Grid 


Martin T. Decker 


(February 19, 1959) 


A comparison is made at X-band frequencies of the theoretical and measured trans- 


mission and reflection coefficients for a parallel wire grid. 


The methods used are applicable 


to the measurements of these factors for various building materials. 


1. Introduction 


As a preliminary phase in the measurement of the 
attenuating properties of various inhomogeneous 
materials and structures, tests have been made with 
an obstacle having electrical behavior which lends 
itself to calculation. These data will then be useful in 
evaluating the validity of certain test configurations. 
A planar grid of parallel wires was chosen as a 
suitable obstacle. The transmission and _ reflection 
of electromagnetic waves by such a grid have been 
treated in various papers, and solutions have been 
presented for both oblique angles of incidence and 
arbitrary polarization of plane waves.'? A com- 
parison of one of these solutions with experiment 
has been made at frequencies near 9 kMe. 


2. Calculation of Grid Transmission and 
Reflection 


Reflection from a parallel wire grid may be calcu- 
lated according to the method given by Wait.’ The 
coordinate system used is shown jn figure 1. Wait’s 
paper treats the grid ¢ as infinite in the ? y-z plane, with 
the incident energy in the form of a plane wave 
with arbitrary polarization and angle of incidence. 
\ special case is taken here in which the incident 
wavefront is a vertical plane, vertically polarized 
electric vector parallel to the grid wires) and is 
incident on the id at some angle @ measured in 
the z-y plane. 

In my special case, the reflection coefficient is 
given by 


an 
1+2Z,/Ko 

vhere Z, is the equivalent shunt impedance of the 
rid, K, is the intrinsic impedance of the incident 
vave in the direction normal to the grid and the 
atio is given by 


Z,/Ko=i(§ ’) cos 6 [ m5 ar (5 0) |+c0s 6Z; £, 


'J. R. Wait, Reflection at arbitrary incidence from a parallel wire grid, Appl. 
i. Research, ’B. 4, 393 (1954-5). 
2G. G. Me acFarlane, Proc. Inst. Elec. Engrs. (London) Pt. IITA 93, 1523 (1946) 
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Figure 1. Coordinate system for parallel wire grid. 


where 
d=spacing between adjacent wires. 
\=wavelength. 


a=radius of wires in the grid. 
is a correction factor which has been 
ae 0) evaluated by MacFarlane.’ A more 
general form is given by Wait.! 

rr : may be considered a correction factor 
ate involving the internal impedance Z; of 
the wire. It is sufficiently small to be 

neglected in this case. 


With the restrictions that d>>a and that \>2d, 
R may be evaluated for the conditions of the 
—— 

2 is then the proportion of energy reflected from 
the grid (reflectivity). Assuming no losses in the 
grid, the fraction of energy transmitted (transmis- 


sivity) is given by 
T?=1—R’. 








3. Grid Description 


The parallel wire grid used in these experiments 
consisted of 75 copper wires (1.02 mm diam) spaced 
1.5 cm on centers, making a total width of 111 cm. 
The wires were mounted on a frame approximately 
3-m square as shown in figure 2. The frequencies 
used were 8.8 to 9.6 kMc, so that \ varies over the 
range of 2.08d to 2.27d. In this case the ratio d/a is 
approximately 15. The wires were long enough so 
that shorting or opening their ends did not affect 
the transmitting or reflecting properties of the grid. 





Figure 2. Transmission through a parallel wire grid. 


4. Equipment 


The measurements were made at X-band frequen- 
cies (8.8 to 9.6 kMc). A pulsed reflex klystron is 
used as a power source, with a ferrite isolator to 
minimize effects of the rest of the system on the 
power output and frequency of the source. The 
energy is fed through a frequency measuring device, 
precision attenuator and then through flexible wave- 
guide to the transmitting antenna. Transmitting and 
receiving antennas are 18-in. parabolic reflectors. 
Slide-screw tuners are used at both antennas to 
provide a good impedance match, since reflections 
from the system terminals complicate the measure- 
ment process. These reflections are particularly 
bothersome when the transmitted wave is normally 
incident to an intervening obstacle, and techniques 
to eliminate their effect must be employed. Received 
energy is detected by the simple arrangement of a 
crystal in the waveguide at, the receiving antenna. 
The detected signal (1,000 cps) is brought to an a-c 





amplifier and the output of this amplifier is rectific 
and fed to the recording meter. 

The precision attenuator provides the standard of 
relative power measurement. The change in atte - 
uation required to produce a given indication at thie 
receiving terminal with and without an intervening 
obstacle is used to determine the power transmission 
coefficient of the obstacle. This procedure eliminates 
the need for assumptions of specific crystal charac- 
teristics at various operating levels. Power reflection 
coefficients are measured in a similar manner, com- 
paring the power reflected from a surface to the 
power received over a direct transmission path of 
equivalent length. 

The directional pattern of the main lobe of the 
18-in. parabolic antennas was measured and the re- 
sults are shown in figure 3. Here a relative power 
curve (in decibels) is plotted as a function of the 
H-plane angle from the antenna centerline, the apex 
of this angle being taken in the plane of the edge 
of the reflector. These measurements were made at 
a distance of 172 wavelengths (5.5 m). 
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Figure 3. Horizontal antenna patterns for vertical polarization. 
5. Polarization 


Energy incident with the electric vector perpen- 
dicular to the wires of the grid should not excite 
currents of any appreciable magnitude in the wires 
and hence should not be reflected. This property 
was clearly demonstrated by experiment, the grid 
being completely transparent to horizontal polariza- 
tion. This also indicates that the radiation fron 
the antennas is linearly polarized. 
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6. Diffraction Effects 


An indication of the grid size necessary to make 
edge effects negligible was obtained by moving the 
grid into the path as shown in figure 4, while observ- 
ing simultaneously the transmitted energy. The 
initial rise in transmission above the free space 
value is due to diffraction as the edge of the grid 
approaches the path. When the edge of the grid 
has moved past the path centerline a distance of 
about 30 cm the transmission value becomes practi- 
cally constant. The vertical bars at each of the 
measured points indicate the total range of variation 
of the data as the distance between transmitting and 
receiving antennas is varied from 4.5 to 7.5 m. 
A total minimum grid width of 60 cm would then be 
necessary for transmission measurement. This com- 
ment on grid size is applicable to an obstacle having 
attenuation comparable to the 1 to 2 db of the grid. 
If the attenuation in the obstacle were much higher 
the relative magnitude of diffracted energy could 
be greater. 
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Figure 4, Transmission through a parallel wire grid as grid 
ts moved into path of antennas. 


7. Grid Transmission 


A series of measurements of transmission through 
the 111-cm grid (1.5-cm spacing) were made at dif- 
ferent frequencies and angles of incidence. As an 
example, figure 5 shows the energy transmitted 
through the grid (relative to transmission with no 
obstruction between the antennas) for a wavelength 
of 3.2 em (9.375 kMc) and at angles of incidence up 
to 60°. The antennas were separated 5.5 m with 
tlie grid at the center of the path. The curve marked 
“-alculated” was obtained by calculating the reflec- 
tion coefficient as indicated previously, then assum- 
ug no loss in the grid. A series of these curves at 
d fferent frequencies in the X-band is shown in figure 
6. Here the data of figure 5 appear as the fourth 
st of curves at 9.375 kMc. The relation between 
ti ansmission and angle of incidence is shown by each 
pur of curves (one measured and one calculated) 
Vv ile an indication of the transmission versus fre- 
C iency at a given angle of incidence can be obtained 
| - connecting corresponding angle-of-incidence points 
( . each of the curves. The agreement of theory and 
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Ficure 5. Transmission through a parallel wire grid as a 
function of angle of incidence. 


measurement is fairly good at the lower angles of in- 
cidence, both with respect to angle of incidence and 
frequency. Discrepancy would be expected at the 
higher angles of incidence since at 60°, for example, 
the projection of the grid on a plane perpendicular 
to the path is 55 em, corresponding to the 27-cm 
position of figure 4, where the projected grid size is 
becoming too small to agree with the infinite grid 
calculation. The lower transmission (higher reflec- 
tion) also makes the diffracted energy relatively 
more important at these angles of incidence. It 
should also be noted that the calculation is made for 
a plane incident wave, while this condition is not 
compietely met in the measurement. 


8. Grid Reflection 


Reflected and transmitted energy as a function of 
angle of incidence are shown in figure 7. The per- 
cent of reflected energy (reflectivity) was measured 
at a wavelength of 3.2 cm over a range of angles 
from 7° to 47°. Corresponding transmissivity data 
are shown for 0° to 60° incidence. The calculated 
curve may be considered to be either reflectivity or 
transmissivity on the assumption that there are no 
losses in the grid. The gap between the two meas- 
ured curves is an indication of the portion of energy 
either lost in the grid itself or scattered in the direc- 
tions other than the principal transmitted and re- 
flected paths. This amounts to about 3 percent of 
the total energy for low angles of incidence, increas- 
ing to about 10 percent at the largest angle at which 
reflection measurements were made. This method 
does not separate the absorbed and scattered energy 
and hence is more effective in determining absorp- 
tion from materials of fairly uniform composition 
and with plane surfaces. 
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Synoptic Variation of the Radio Refractive Index’ 
B. R. Bean and L. P. Riggs 


(January 22, 1959) 


The synoptic variation of the atmospheric radio refractive index, evaluated from 
standard weather observations, is examined during an outbreak of polar continental air. 
It is found that the reduced-to-sea-level value of the refractive index is a more sensitive 


synoptic parameter than the station value. 
humidity 


dependence of the station value tends to mask synoptic changes. 
changes systematically with the approach and passage of the polar front. 


The reduced value is quite sensitive to the 
und density structure of the storm under study while the great station elevation 


The reduced value 
The present 


system shows a consistent increase of the reduced value in the warm sector of the wave 


and a marked decrease behind the cold front. 


1. Introduction 


The fact that the refractive index is readily deter- 
mined from the standard weather observations taken 
in all parts of the world has led to many attempts 
to utilize it for the prediction of various properties 
of radio field strengths, particularly at frequencies in 
excess of about 30 Mec. It was noted early [1, 2]? 
that the seasonal cycle of vhf radio field strengths 
recorded far beyond the normal radio horizon was 
highly correlated with the refractive index. A fur- 
ther examination [3, 4] has shown that this correlation 
was about 0.9 when both variables were taken on a 
monthly mean basis but decreased rapidly for shorter 
mean periods. For example, 10-day means yielded a 
correlation coefficient of about 0.8, 5-day means 
about 0.7, and individual observations for a given 
hour each day throughout the year yielded a correla- 
tion coefficient of 0.5. The high correlation on a 
monthly mean basis is utilized by Norton [5] and 
Gray [6] to predict seasonal and geographic variations 
o. radio field strengths. A recent experimental 
check of Norton’s method with radio field strengths 
recorded in Japan [4] shows the same high correlation 
of about 0.9. The purpose of the present paper is 
to examine the synoptic variations of N, and, al- 
though the correlations are not as high as those on a 
monthly mean basis, one may use Norton’s or Gray’s 
method as a useful guide of the day-to-day variation 
of radio field strengths. 

The value of the refractive index of the atmos- 
»here, n, may be determined from the expression for 


‘efractivity, N [7]: 
77.6 810e, wn) 


N=(n-1)10°=42 (P+ 
vhich has been shown to be in error by no more than 
1.5 percent in the frequency range 0 to 30,000 Me. 
iquation (1) may be evaluated from standar d weather 
'bservations since it is a function of the atmospheric 
wressure, P, in millibars and the partial pressure of 
vater vapor as expressed by the product of the rela- 
ive humidity in percent, RH, and the saturation 
*This work was sponsored in part by task 31 of the U.S. Navy Weather Re- 


arch Facility, Norfolk, Va 
1 Figures in brackets indicate the literature references at the end of this paper. 


(1) 
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vapor pressure, ¢;, for the temperature 7’ in degrees 
Kelvin. When JN is determined from the values of P, 
T and RH of the common surface weather observa- 
tion it is denoted as N,. 

Another application of the instantaneous values of 
N, is to the problem of radar elevation angle errors. 
It has been known for some time that the total bend- 
ing or refraction of radio rays as they pass from the 
earth’s surface upwards through the atmosphere may 
be expressed as a linear function of N, [8] for rays 
departing at initial elevation angles in excess of about 
10 deg. Recent statistical studies [9] have shown 
that this linear dependence of ray bending upon N, 
may be extended to initial elevation angles of 0.5° 
with no regard to the refractive index profile, and to 
0° for all N profiles but ducting. Further, recent 
papers [10, 11] have shown that a very effective 
model of the radio refractive index structure of the 
atmosphere for radio ray tracing purposes may be 
specified from a knowledge of the surface value 
alone. These latter applications are of direct utility 
when considering such problems as radar tracking of 
earth satellites or radio communications with space 
vehicles. 

With the above applications as motivation plus a 
curiosity as to the synoptic potential of N, a rather 
detailed analysis of a single outbreak of polar 
continental air was studied. 

The storm sequence chosen for analysis was a 
rather well-developed one with strong temperature 
and humidity contrasts between the air masses 
within the warm sector and behind the cold front. 
This strong contrast was one of the main reasons 
for studying this particular sequence, since, if the 
refractive index is not a good synoptic indicator in 
this case, then there is little hope of its being one 
in more subtle synoptic disturbances. The follow- 
ing sections will be concerned with examining the 
degree to which N does describe this particular 
storm. 

Before proceeding with the N analysis of this 
storm, it might be well to review briefly the idealized 
distribution of air masses around a polar front wave. 
The region of interaction between the cold air of the 
poles and the warm air of the tropics is referred to 
as the polar front and is generally located between 








30° to 60° N. From time-to-time a section of the 
polar front is displaced northward by a flow of 
warm tropical air while an adjacent section is 
simultaneously displaced southward by a flow of 
polar air. The interaction of the flow of polar and 
tropical air results in the formation of a “wave”’ 
that moves along the polar front, often for thou- 
sands of miles. An example of a fully developed 
polar front wave is shown on figure 1(a) in the same 
manner that it would appear on the daily weather 
map. Across the great plains and eastern seaboard 
of the United States, the polar front wave normally 
moves along the line AB in figure 1(a)._ An ideal- 
ized space cross section along the line AB is shown 
in figure 1(b). The warm tropical air that flows 
into the warm sector of the wave overrides the cool 
air before the wave to form the transition zone 
denoted as a warm front. The cold front repre- 
sents the transition between the humid air of the 
warm sector that has been forced upwards and the 
advancing cold polar air. Squall lines are drawn 
to represent a belt of vigorous vertical convection 
and sharp wind shifts that frequently precede fast- 
moving cold fronts. The fronts and squall lines 
shown on the daily weather map represent the 
ground intersection of the transition zones between 
the various air masses. 

The reader who wishes a critical appraisal of the 
present meteorological thinking on fronts, air masses, 
squall lines, etc., is referred to Dynamic Meteorology 
and Weather Forecasting, by Godske, Bergeron, 
Bjerknes, and Bundgaard, American Meteorological 
Society and Carnegie Institute of Washington, 1957. 
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Fiaure 1. Idealization of.a polar front wave. 
Cross hatching represents area of rain. 
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2. Storm of 18 to 21 February 1952 


The particular example chosen for study was tiie 
outbreak of polar air during the period 18 to 21 
February 1952 during which a pronounced cold front 
developed and moved rapidly across the United 
States. The synoptic sequence is seen on figures 2 
through 5 where contours of N, are derived for four 
stages of this storm and compared to the superim- 
posed Weather Bureau frontal analysis. This same 
procedure was followed throughout the present 
study; i.e., contours were derived first and then 
compared with the frontal pattern. The black dots 
on figure 8 indicate the 62 weather stations which 
were used to prepare the surface weather maps. 

At the start of the sequence, a frontal system had 
come in from the Pacific Northwest and was com- 
posed of a cold front extending from northern Utah 
southwards into Arizona and a stationary front ex- 
tending northeastwards into Wyoming. This frontal 
system was very slow moving for several days prior 
to the start of our sequence. With the outbreak of 
polar continental air east of the Rocky Mountains, 
this first front became more active and, as it moved 
ahead of the fast-moving polar continental front 





Figure 2. Radio refractivity evaluated from Weather Bureau 
surface observations at 0180 e.s.t., 18 Feb. 1952. 
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Figure 3. Radio refractivity evaluated from Weather Bureax 
surface observations at 1330 e.s.t., 18 Feb. 1952. 
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FiaurE 4. Radio refractivity evaluated from Weather Bureau 
surface observations at 1330 e.s.t., 19 Feb. 1952. 





Fieure 5. Radio refractivity evaluated from Weather Bureau 
surface observations at 1330 e.s.t., 20 Feb. 1952. 


sweeping across the great plains, was reported as a 
squall line by the time it crossed the Mississippi 
River early on the morning of the 20th of February. 
During the latter part of the sequence, the polar 
maritime cold front—squall line was located in the 
developing warm sector of the polar front wave. 
The entire frontal system of cold front, polar front 
wave, and squall line then moved rapidly to the east 
coast by the morning of the 21st, thus completing 
the sequence. 


3. Nas a Synoptic Indicator 


The dominant features of the N, contours of 
figures 2 to 5 remain essentially unchanged by the 
passage of the frontal systems and the intrusion of 
‘old air into the central part of the country. This 
i; evident from the extremely time-stable map 
{satures such as the steep N, gradient across the 
ierra Nevada Mountains and the drop of N, value 
‘ith increasing elevation across the great plains 

etween the Mississippi River and the Rocky 

fountains. The semipermanent tongue of high 
alues of N, intruding up the Mississippi River 
alley does show an intensification and weakening 
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with the passage of the frontal systems. The con- 
clusion one reaches, then, is that N, as such is not 
a particularly sensitive indicator of synoptic weather 
patterns. 

This time stability of N, patterns bears a rather 
marked similarity to contours of ground elevation 
above sea level, and thus one might suspect this 
height dependence to be associated with the pres- 
sure termin NV. Meteorologists have long recognized 
that contours of station pressure tend to mask any 
synoptic pattern occurring over rapidly changing 
terrain. The variation of station pressure with alti- 
tude is so great compared with that associated with 
tropospheric storms that it is necessary to effectively 
remove this height dependence by reducing the sta- 
tion pressure to sea level in order to see more clearly 
the pressure variations due to the storm. A similar 
situation seems to exist with respect to N,. To illus- 
trate that this is indeed the case, let us restrict our 
attention to the data of 1330 e.s.t. on the 19th of 
February (fig. 4) where the polar front is located 
over the midwest. By separating N, into a dry com- 
ponent, D,, given by 


_77.6P Z 
D, — ~ ? (2) 


and a wet component, W,, given by 


_77.6(4810)e,RH 
= 7 





W, (3) 
we will be able to discuss the height dependence more 
thoroughly since the station pressure (which is very 
height dependent) is contained in the dry term and 
the water-vapor pressure (which is sensitive to syn- 
optic air mass changes) is confined to the wet term. 
Contours of -D, and W, are given on figures 6 and 7 
for 1330 e.s.t. on the 19th. Compare these contours 
with those of N, for the same time (fig. 4). Note 
the similarity between N, and D, contours across the 
northern great plains and across the Sierra Nevada 
Mountains. It is evident that D, and N, have a 
similar dependence upon station elevation. Signifi- 
‘antly, D, contours do not seem to reflect the pres- 
sure pattern of the frontal system in the midwest. 
The contours of W,, however, show a very flat gra- 
dient throughout the mountain regions but a rela- 
tively large gradient around the polar front wave. 
In fact, the W, contours are extremely suggestive of 
the flow of warm, moist air into the warm sector of 
a classical textbook example of a polar-front wave. 

It would seem that the variations of the dry term 
due to tropospheric storms would be more clearly in- 
dicated if its dependence upon station elevation 
were minimized. An arbitrary method of accom- 
plishing this was adopted by noting that D, is pro- 
portional to air density and then determining that 
the sea-level dry term, Do, could be written: 


D.=D, exp {0.1057h}, (4) 


where hf is in kilometers and the coefficient 0.1057 















































was empirically determined from the density-height 
distribution of the NACA dry standard atmosphere. 
Contours of D, were determined for the same syn- 
optic situation as figure 4 and are shown on figure 8. 
It is immediately noted that the strong station ele- 
vation dependence of D, is not in evidence in the Dy 
chart. Further, the D) contours about the polar 
front wave are extremely suggestive of the air den- 
sity distribution that one would expect; namely, 
simultaneous intrusion of dense air in the cold air 
mass behind the cold front accompanied by a north- 
erly flow of warmer, less dense air from the Gulf of 
Mexico into the warm sector of the frontal system. 

The status of the study at this point is that N, 
and D, do not appear to be particularly as sensitive 
to synoptic changes as are D, and W,. We might 
proceed by analyzing ovr particular synoptic se- 
quence in terms of D, and W, but this seems unnec- 
essarily complex. A simplification that suggests 
itself is to reduce N, to sea level by the very same 
reduction factor as used on the dry term: 


N.=(D,+W,) exp {0.1057h}. (5) 





The contours of N, for the same data used on figures 
4, 6, 7, and 8 are shown on figure 10. These con- 





Ficure 6. Air density component of the radio refractivity 
evaluated from Weather Bureau surface observations at 1330 
e.s.t., 19 Feb. 1952, 





Figure 7. Water vapor component of the radio refractivity 
evaluated from Weather Bureau surface observations at 1330 
e.s.t., 19 Feb. 1952. 
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Figure 8. Reduced-to-sea-level value of the air density com- 
ponent of the radio refractivity for 1380 e.s.t., 19 Feb. 1952, 


tours of Ny seem to exhibit the desired properties 
of a synoptic parameter; namely, a relative insensi- 
tivity to variations in station height combined with 
a marked sensitivity to the density and humidity 
structure of tropospheric storms. Thus the follow- 
ing analysis of the polar outbreak of 18 to 21 Feb- 
ruary, 1952 will be in terms of No. A further advan- 
tage of the use of Np is that N, may easily be recov- 
ered from it for any practical application such as 
the determination of total atmospheric refraction. 

One might wonder at the advisability of arbitrarily 
reducing the wet term by the dry term correction 
factor. For the coastal areas of the country, where 
the exponential height correction factor is nearly one, 
this amounts simply to adding the D, and W, maps 
while for the mountain areas, where the height cor- 
rection is large but W, is small, it amounts to simply 
reducing D, to D, with the result that the gradiant 
of N isopleths obtained from the D) and W, maps 
is essentially maintained on the No maps. 

A further advantage of Ny over N, is that it is 
obviously more simple to prepare charts of No. The 
contours of N, are more widely spaced and there are 
fewer of them. 


4. N, Analysis of the Storm of 18 to 21 
February 1952 


Charts of No were prepared from the Weather 
Bureau surface observations taken every 24 hr from 
1330 e.s.t., February 18 until 1330 e.s.t., February 20, 
1952, or, in other words, the period of time that it 
took the polar front wave to develop and move 
across the country. The Np contours are compared 
for these times on figures 9 to 11. These charts ap- 
pear to indicate that the cold front that originally 
extended from Utah southward is a rather weak one 
since it does not seem to have much N, change asso- 
ciated with it. In the early stages of our sequence, 
this lack of air mass contrast is evidenced by the 
slight change of the position of the Nj>=290 contour 
encircling west Texas and New Mexico as the frontal 
system moves through that area. By comparison, 
the cold front that sweeps down across the great 
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Reduced-to-sea-level radio refractivity, 1330 e.8.t., 
18 Feb. 1952. 


FIGURE 9. 


plains has a rather marked Ny gradient across the 
front, due in large measure to the northward flow of 
warm moist air that forms a definite warm sector by 
1330 e.s.t.on the 19th. It is perhaps significant that 
the Ny contours indicate that the various frontal sys- 
tems are transition zones rather than the sharply 
defined discontinuities of the text book examples, a 
point that has been recently enlarged upon by 
Palmer [12]. 

The variation of Ny due to the frontal system can 
be seen on figures 12 and 13 where examples of the 
24-hr changes of Ny have been contoured. The 24-hr 
change, designated AN,, was obtained by subtracting 
from the present value the value of Ny observed 24 
ago. The change was determined on a 24-hr basis 
in order to remove any effects of the diurnal evecle of 
No. The AN, charts show a rise of No in the warm 
sector and a drop in No behind the front amounting 
to +35 N units in the warm sector by 1330 e.s.t. on 
the 20th accompanied by a 40 to 50 N-unit drop 
behind the front. The relative sensitivity of Ny to 
humidity changes is emphasized by the AN» charts. 





‘1GURE 10. Reduced-to-sea-level radio refractivity, 1330 e.s.t., 
19 Feb. 1952, 
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Reduced-to-sea-level radio refractivity, 1330 e.s.t., 
20 Feb. 19852. 


Figure 11. 


Consider the N drop behind the cold front. This is 
a region of increasing pressure and decreasing tem- 
perature—a combination that increases the dry term 
while the rapidly dropping dewpoint decreases the 
wet term. The decrease in the wet term more than 
compensates for the increased dry term. As an ex- 
ample, in the 24-hr period ending 0130 e.s.t. on the 
19th, the station pressure at Oklahoma City in- 
creased 13 millibars, the dry term increased 12 
N-units while the wet term dropped 42-N units giving 
a net change of —30-N units. This Np rise in the 
warm sector and drop behind the cold front is con- 
sistent throughout the development of the polar front 
wave and appears to be what one would expect for 
this type of weather system. 

The preceding maps appear to indicate that No 
does reflect frontal system changes and that, with 
extensive studies of other cases, a system of objective 
forecasting of this parameter might be developed. 
Although this conclusion is based upon a study of a 
single storm, it appears to be borne out by preliminary 
analysis of other frontal systems. 
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Figure 12. Change in the reduced-to-sea-level refractivity for 
the 24-hr period ending 1330 ¢.s.t., 19 Feb. 1952. 
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Figure 13. Change in the reduced-to-sea-level refractivity for 
the 24-hr period ending 1330 e.s.t., 20 Feb. 1952. 


5. Upper Air Analysis 


Another facet of the synoptic variation of N is its 
three dimensional change with the passage of frontal 
systems. The 850-mb (5,000 ft above m.s.l.) and 
the 700-mb (10,000 ft above m.s.l.) charts were pre- 
pared for the times of radiosonde ascent (10 a.m. and 
10 p.m. e.s.t.) throughout the synoptic sequence from 
the radiosonde reports of 43 U.S. sounding stations. 
It was not necessary to reduce the 850-mb or 700-mb 
level data since all of this data was already referenced 
to the indicated constant pressure level. Although 
as many maps of N at the 850-mb level, Ng, and 
700-mb level, Nz, were prepared as there were No 
maps, only two examples are chosen to illustrate the 
N changes aloft. The Ngo and Ny. contours are 
shown on figures 14 to 17 while their respective 24-hr 
changes, ANg59 and ANzo, given on figures 18 to 19. 

These Ng;59 charts show that the northerly flow of 
warm humid air within the warm sector that was so 
prominent in the No maps is also clearly in evidence 
at the 5,000-ft level. Further, a change pattern 
similar to that on the No maps is also observed at the 
850-mb level; i.e., a rise in Ny value in the warm 
sector and a decrease behind the cold front. Sur- 
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Figure 14. Radio refractivity at the 850-mb level 1000 e.s.t., 
19 Feb. 1952. 
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Radio refractivity at the 700-mb level 1000 e.s.1., 
19 Feb. 1952. 





Figure 15. 


prisingly enough, by the time the frontal system is 
well developed, at 1000 e.s.t. on the 20th, the AN,;, 
values are nearly as large as those on the surface. 

The 700-millibar charts appear to be a bit more 
difficult to interpret than those of No or Ngso. It 
appears that at this altitude the wet term is usually 
negligible and N will normally vary inversely as tem- 
perature since the pressure is, of course, constant at 
the 700-mb level. By 1000 e.s.t. on the 19th an 
intrusion of low N values is observed into the 700-mb 
warm sector due to the advection of warm air north- 
wards. The chart for 24 hr later is interesting in 
that it displays two Nzy.—225 highs, one between 
the squall line and the cold front and the other just 
south of the apex of the 700-mb wave. Interestingly 
enough, these two highs are due to quite different 
causes. The high centered over Atlanta appears to 
be due to the unusual transport of humidity to the 
10,000-ft level since the 700-mb wet term at Atlanta 
increases from 4.5 to 25 N units in the 24-hr period 
ending with 1000 e.s.t. on the 20th. The second 
high centered over Omaha, appears to be due to an 
intense dome of cold air as indicated by the drop of 
the 700-mb temperature from —7.3° C to —21.4° C 
in the twelve hours preceding the map time. The 
AN charts show this change more clearly. 
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Figure 16. Radio refractivity at the 850-mb level 1000 e.s.t. 
20 Feb. 1952. 
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FIGURE 17. 


Radio refractivity at the 
20 


Feb. 1952. 
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Figure 18. Change in the radio refractivity at the 850-mb level 
for the 24-hr period ending 1000 e.s.t., 20 Feb. 1952. 


6. Conclusions 


The present study indicates that the reduced-to- 
sea-level value of the refractive index is a better indi- 
cator of synoptic weather changes than the unreduced 
value. 

A systematic increase of this reduced value is ob- 
served in the warm sector of a developing polar front 
wave accompanied by a decrease behind the cold 
front. The present system had about a +35 N unit 
rise and a 40 N-unit drop. This general pattern 
might be expected to occur in all fast moving cold 
fronts with varying intensity depending upon the 
individual synoptic pattern. In any case, it appears 
that the AN, pattern is a sufficiently stable and con- 
servative property of the atmosphere so that it should 
be possible to develop forecasting rules for Ny but 
not, of course, without analysis of many more iV 
patterns, 


700-mb level 1000 e.s.1., 
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Figure 19. 
for the 24-hr period ending 1000 e.s.t., 


Change in the radio refractivity at the 700-mb level 
20 Feb. 1952. 
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Low-Frequency Propagation Paths in Arctic Areas 
A. D. Watt, E. L. Maxwell, and E. H. Whelan 


(December 19, 1958) 


The very low ground conductivities encountered in aretie areas, and the particular 
ionospheric conditions prevailing at high latitudes, can lead to rather unusual radiation 
and propagation conditions. In order to determine the magnitude of these effects, field 
intensities from transmitters located in the Labrador and Greenland areas were measured 
both on the surface of the earth and during several aircraft flights over this area. The 
many factors involved in If propagation are considered and calculated field intensities 
compared with experimental values. Under conditions where the initial portion of the 
propagation path is across icecap or permafrost, the attenuation observed is very great, 
and when the propagation path extends out over sea water, the field intensity recovery 
taking place after the coastline is crossed is very marked. Estimates of skywave field 
intensity appear to agree with the observed results provided the radiated field pattern is 
suitably modified by the antenna cutback factor which accounts for the presence of a 
finitely conducting curved earth. These vertical patterns based on work by Wait, along 
with the field intensity flight data, indicate that the siting of low-frequency stations several 
miles or more inland in aretic regions may cause a great increase in total transmission 





path loss. 


1. Introduction 


During July and August of 1957, field intensities 
were measured from If transmitters located in the 
Labrador and Greenland areas with primary em- 
phasis being placed on transmissions from Thule, 
Greenland at 98.5 ke and transmissions from Goose 
Bay, Labrador at 82.05 ke. The effective radiated 
power as a function of antenna current was obtained 
from each of the transmitters by observing the 
inverse field produced by the transmitter. All the 
field intensities presented are normalized to a trans- 
mitter radiated power of 28.7 kw. The actual 
field intensities on the surface were obtained by 
means of a 30-in. loop and a field intensity meter 
which was calibrated by a signal injected in series 
with the loop. The aircreft measurements were 
performed using the antenna on the aircraft them- 
selves, which were in effect top loaded monopoles. 
The effective height in each case was obtained by 
calibrations on the ground before takeoff by com- 
paring the voltages from the antenna with the field 
intensity obtained by means of a loop positioned 
approximately 100 ft from the aircraft. 


2. Observed Field Intensities 


The location of the transmitters and the sur- 
rounding terrain involved in the various flight paths 
ae shown in figure 1. The field intensity observed 
fcr the groundwave along the Thule to Goose Bay 
pith over the permafrost and icecap is shown in 
firure 2. The x’s represent observations taken very 
«ose to the path, while the circles represent observa- 
{ ons made at various other locations in the Thule 
aca. It is interesting to note that even at distances 
| ss than 10 miles, the intervening terrain has an 
i preciable effect on the observed field intensity. 





In particular the two circles which lie on the inverse 
distance line at 5, 2, and 7.6 miles were for line-of- 
sight paths where there was a valley between the 
transmitter and the receiver. The next circle at 
8.7 miles represents the field observed also on a line- 
of-sight path, but behind a glacier of about 1 mile 
extent in an open valley toward the transmitting 
site. It can be seen that this small icefield caused 
a 3-db decrease in field intensity. A similar abrupt 
decrease in field intensity was also observed when 
measurements were made on the edge and several 
miles out onto the main icecap. The two calculated 
groundwave curves were obtained from data by 
Wait [1]! and it can be seen that the surface field 
apparently follows the groundwave curve for the 
poor arctic land up to a point where the glacier is 
reached. Beyond this it begins to approach that for 
ice in a manner as would be anticipated from the 
mixed path theory as has been described by Milling- 
ton [2] and Wait [3, 4]. 

Figure 3 shows the field intensities observed during 
flight 1 and it is interesting to observe the rather 
smooth slow variations which occurred over land till 
the coastline was reached at Hopedale. From here 
until Saglek was reached at some 300 miles from the 
transmitter the field intensity varied quite rapidly 
as the aircraft flew over the rather rough coastline 
and it is believed that these variations were caused 
by coastline effects [4]. The very deep null in the 
vicinity of the Button Islands appears to have been 
caused by interference between the first hop skywave 
and the gioundwave. The rather large recovery in 
field intensity out to the vicinity of Cape Dyer is 
apparently caused by the decrease in over land trans- 
mission caused by the path swinging out over the 
Davis Strait. From Cape Dyer to Cape Atholl, 
the field decreased in a rather smooth manner and 


1 Figures in brackets indicate the literature references at the end of this paper. 
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Figure 1. Baffin Island area with flight paths and transmitting and receiving locations. 
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FiGgurE 2. Groundwave field intensities in the Thule area. 
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Figure 3. Field intensities flight 1. 


10 apparent effects were observed from flying over 
| rather large patches of sea ice during this portion of 
the flight. Once Cape Atholl was reached, the field 
iitensity began to vary at the coast and then de- 
ceased extremely rapidly until the last observation 
vas made at 2 miles from Thule. 

Figure 4 shows the field intensity from Thule as 
( served on flight 2. During the initial portion of 
(iis flight, the aircraft skirted along the coastline; 
| »wever, once the aircraft departed from the coast, 
e field intensity rose considerably to a value 
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Figure 4. Field intensities flight 2. 


approximately 6 db higher than that observed at 
the coastline. Once this maximum recovery point 
had been reached, the field intensity is observed to 
drop in the manner anticipated for a surface wave 
over sea water from a transmitter with 10 db less 
power than that actually radiated. The dips at 
320 and 450 nautical miles appeared to have been 

caused by interference with the first hop skywave, 
ner although dip 3 may be partially caused by 
interference between sky and groundwave, it is 
likely that a large portion of the reduction is due 
to the poorly conducting mountainous terrain in the 
vicinity. In fact, it can be seen that the field 
intensity dropped very rapidly once the coastline 
was reached at Holsteinsborg, and that it remained 
low until the coastline was again reached at Kanga- 
miut. Once the coastline at “Hopedale was reached, 
the field intensity decayed very rapidly apparently 
due to propagation over the rather poor earth in 
this vicinity. This decrease was so rapid that the 
field intensity dropped into the noise level at 100 
miles from Goose Bay. 

Field intensities from the Sondrestrom transmitter 
at 132 ke were recorded during the second half of 
flight 2, and are shown in figure 5 where it can be 
seen that the field is apparently influenced to quite 
an extent by the surrounding terrain. 

The results obtained on flight 3 (fig. 6) are interest- 
ing in that, although the flight was made during the 
day, the ionosphere was apparently disturbed to the 
point where it appeared as highly reflecting as at 
night. This can be seen from the general increase 
in field intensities observed during this flight com- 
pared to flight 2 and from the diurnal variations in 






















































































































field intensity which were recorded at Goose Bay | time raised the total field intensity in the region 

during, as well as preceding, this particular period. from 100 to 500 miles until a distance of 550 nautical 

This particular flight also appears to contain a | miles was reached at which time there appears to be 

coastline dip with recovery effect; unfortunately, | 2 canceling of energy received by the various modes, 

data was not taken that would record the exact | The lack of nulls up to this distance may be caused 
depth of this dip. The rather high apparent | by a lower than normal layer height as well as by 

ionospheric reflection coefficient present at this | possible fillan from the 2d-hop skywave. After 

this null point was reached the field intensity re- 

100,000 TH I covered and remained rather high with some oscilla- 
Frequency = "132 ke : ce ais l s | , ; " li af ee ll ae , -f are 
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10,000 80 
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- Seo water surloce woe can be seen that there is a very great change in 
ins reared Ni! 40 amplitude in the vicinity of the coastline apparently 
iH due to interference which is probably caused par- 
50 HH ao tially by the discontinuity in conductivity as de- 
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| departed very markedly from that observed on 








elevation of the coastal cliffs as also described by 
Wait and Murphy [5]. The manner in which the 
field intensity decreases with increase in distance 
inland gives some idea of the loss in transmission or 
reception efficiency at this frequency for radio sta- 
tions located inland in arctic regions. It should be 
emphasized that these observations were made at 
a height of 6,000 ft and that an even greater varia- 
tion in field intensity is to be anticipated on the 
surface. 

The manner in which the observed field intensities 
at Goose Bay vary with time can be seen in figure 
8, where the fields were effectively averaged over 
approximately a 10 min period. The first 4 days 
of observation on the field from Thule appeared 
to have very similar diurnal patterns with a rather 
high maximum occurring approximately 1 hr after 
midnight. This rather short nighttime field is 
likely due to the fact that darkness exists for only 
a relatively short period of time at the 1-hop control 


point. During the day the field intensity decreased 
considerably and in general averaged around 2 
pv/m. 


A rather similar nightime maximum is observed 
on the 86-ke transmission from Keflavik although 
here the maximum peak occurred about 1% hr before 


Field intensity recordings on 98.5 ke 
were resumed on August 9 and the rather abrupt 
decrease just before. midnight was observed as 
before; however, from this point on the pattern 


location. 





previous days in that the field intensity remained 
rather steadily at a value almost 20 db above the 
normal daytime values. It was fortunate that we 
were able to obtain a complete flight from Thule to 
Goose Bay during the time when this abnormally 
high field intensity existed. 

To our knowledge, records of solar flares during 
this period do not indicate a very marked disturbance 
on the 10th and it is rather difficult to explain these 
high field intensities. The fact that the high field 
intensities were from the Thule transmission and 
not poise or interference is rather well substantiated 
by independent measurements of flight 3 and the 
system performance figures during this period. 

Solar records do show that a large flare occurred 
on the 11th followed by an extremely large ion- 
ospheric and magnetic disturbance on the 13th; 
however, this could explain the high field during the 
day on the 11th but cannot explain our observation 
on the 10th. It may be that abnormal ionospheric 
conditions of this type are very easily caused in 
auroral regions and occur frequently. 


3. Analysis of Results 


In attempting to explain the observed field inten- 
sities, we shall employ the results of numerous 
theoretical and experimental investigators. The 
method employed will be to start at the transmitting 
site and determine radiation and launching efficiency 
and then follow the energy as it is propagated to the 
point of observation. 
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FicureE 8. Diurnal field intensity variations as observed at Goose Bay, Labrador. 
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3.1. Radiating Systems 


The radiation efficiency for a given antenna is 
defined as the ratio of total power radiated to total 
power into the antenna. It is also well known that 
the radiation efficiency can be defined as follows: 


Rad eff=R,/R, (1) 


where FP, is the radiation resistance and FR, is the 
total resistance seen at the base of the antenna. 
R, can normally be measured while ?, can be calcu- 
iated for relatively simple configurations [6, 7]. For 
a short vertical antenna we can write 


R,~40r(hq/d)? (2) 


where h, is the actual height of the vertical antenna 
and ) is the wavelength. If the form of the antenna 
is complicated by top loading or supporting masts, 
it frequently becomes convenient to express the 
radiation resistance as 


R,~ 1601? (he/d)? (3) 


where h, is now defined as the effective height of the 
antenna. Equations are available for calculating 
h, for numerous types of antennas; however, it may 
become necessary to obtain this value by means of 
measurements in the field. This well-known method 
actually involves field intensity measurements to 
obtain the effective radiation power using the rela- 
tionship 

182 at (4) 


as described by Norton [8], which is good in the 
region d greater than ) and less than the point where 
the inverse distance relationship no longer holds. 
When the ground conductivity is unknown, it may 
be necessary to make observations at several dis- 
tances to be sure that this distance is not being 
exceeded. If E is in millivolts per meter, d in 
nautical miles, the power radiated will be in kilo- 
watts and it is relatively easy to then obtain the 
effective radiation resistance and the radiation effi- 
ciency of the antenna. It should be emphasized 
that eq (4) is based on the field from a short vertical 
antenna over a conducting surface, and that if the 
antenna height becomes greater than two tenths A 
it will be necessary to include a correction factor 
because of the vertical radiation pattern. In the 
low-frequency range it is usually possible to reduce 
the antenna tuning coil losses and insulator losses 
to the point where they are rather small compared 
to the ground resistance. In Arctic regions where 
the ground conductivity is low this factor must be 
carefully considered. Methods of calculating the 
effective ground system resistance are described by 
Wait [7]. 

Normally it is possible to obtain sufficiently good 
ground systems so that with tall radiators the effec- 
rive radiation efficiency is relatively high in the order 
of 50 to 90 percent. 





3.2. Launching Efficiency 


It is well known that the propagation of ground. 
waves over poor conductivity material causes , 
very rapid decrease in field intensity; however, th 
effect of poor conductivity materials on the launched 
skywave are not as well known. Since an appreci. 
able amount of the terrain in these northern lati. 
tudes consists of ice, we have included some of its 
electrical properties in figure 9 as has been obtained 
from Dorsey [9], where the —5° C curves are ex. 
pected to approximate conditions on the Greenland 
icecap, and the —50° C curves for those conditions 


on the Antarctic continent. 


The usual procedure for calculating the skywaye 
field launched from a given transmitter is to first 
obtain the free space field intensity as given by 


eq (5). 
, 81.1yP, 
— 2 


where d is again in nautical miles, P, in kw, E in 
millivolts per meter, and then modify it by the re- 
flection coefficient for a plain earth similar to those 
contained in [5, sec. 10]. Recent work by Wait has 
provided us with antenna terrain cutback factors 
which are calculated for launching over a spherical 
earth, and include fields for negative launching 
angles such as occur over rather long propagation 
paths. These terrain cutback factors are presented 
in figures 10, 11, and 12 for various conditions. In 
figure 10 the effect of various types of terrain in the 
vicinity of the transmitting antenna are shown for 
100 ke, and it is apparent that the presence of ice 
with its very low conductivity causes a tremendow 
decrease in the launching effectiveness of a trans. 
mitting facility. For example, if a skywave is being 
launched at an angle of 0 deg, which would corre- 
spond to a distance of approximately 1,200 nautical 
miles, it can be seen that the effective transmitter 
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Ficure 9. Electrical properties of ice. 
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Ficure 10. Terrain cutback factor for a loop antenna on the 
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FicureE 12. Terrain cutback facter for a loop antenna on the 
surface of average land (vertical E polarization) from Wait |9]. 
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power is reduced by a factor of 100 compared to 
launching over good land or sea water. 

This launching factor must also be considered at 
the receiving location and the same type of correc- 
tion made for the appropriate terrain in the vicinity 
of the receiver. Frequently the receiver may be 
elevated above the surface such as was the case of 
our aircraft measurements. In these conditions a 
height gain function as described by Norton [8] 
must be employed. Values of this function in the 
lf region for various types of terrain are shown in 
figure 13. 

One of the important questions that is still not 
adequately answered concerns the amount of poor 
conductivity or good conductivity terrain in the 
vicinity of an antenna that is required to make the 
terrain cutback factor curves applicable. This is a 
rather complex problem, but some idea of the factors 
involved can be obtained from the analysis employed 
by Norton [11], in which he shows the method of 
calculating Fresnel reflection zones in front of an 
elevated antenna. When the incoming wave is an 
ionospheric reflected one approaching at very low 
angles and with an antenna on the surface, the 
calculations become rather difficult especially when 
a spherical earth is considered. When nearly graz- 
ing angles are considered at a frequency of approxi- 
mately 100 ke, it would appear that distances in the 


Ficure 11. Terrain cutback factor for a leop antenna on the 
surface of seawater (vertical E palarization) from Wait [9]. 
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order of 30 miles may be important. An experi- 
mental investigation of this particular point can be 
seen with the aid of figure 7 where the amount of 
poor conductivity terrain in front of an elevated 
antenna was changed from 0 to 25 nautical miles. 
It is anticipated from other observations that the 
first hop skywave was essentially dominant at this 
time and that the incoming angle of arrival was ap- 
proximately —1 deg. Since the icecap in this 
region is not extremely thick, it is possible that the 
appropriate terrain cutback factor should lie some- 
where between the arctic land curve and that for 
ice. If this was the case, we would anticipate a 
change of approximately 18 db between the field 
observed over sea water and that inland as shown 
in figure 10. When we examine figure 7 we observe 
that the variation is closer to 11 db and we now 
must observe that this field intensity curve was 
taken at an elevation of 6,000 ft and that the height 
gain corrections must be applied. In figure 13 it is 
apparent that over sea water the height gain is 
essentially 0 db while over the rather poor arctic 
icecap a correction in the order of 6 db must be 
applied. When 6 db is subtracted from the 18 db 
difference in terrain cutback factors, we obtain a 
value of 12 db which is in much closer agreement 
with that observed. It was also observed that the 
largest amount of reduction in field intensity oc- 
curred in the first 10 to 12 miles or about 7 wave- 
lengths from the coast. This type of reduction 
indicates, as is expected, that the terrain in the 
immediate foreground that is several wavelengths in 
front of the antenna, is much more important in 
determining the losses in launching efficiency than 
the ground further removed from the antenna itself. 


3.3. Groundwave Propagation 


When the media separating the transmitting and 
receiving points is homogenous, the surface wave 
field can be obtained very readily from references 
{1 and 7]. Millington [2] and Wait [3] have con- 
sidered the mixed path problem and it can be seen 
that even in the simple case of only two conductivi- 
ties along the path that the calculation becomes 








complex. When the distance separating the trans. 
mitter and the discontinuity in conductivity is rela. 
tively small, it is seen from figure 2 that the trangi- 
tion from the form of variation with distance 
characteristic of the first medium to that of the 
second is rather rapid. On the other hand, when 
the distance from the transmitter is large, as for 
example in flight 2, the recovery effect takes place 
over a much longer distance. This effect is very 
likely caused by the fact that close to the transmitter 
the field has a complex structure, while at longer 
distances the wave is somewhat characteristic of 
plane wave. It should be mentioned that both the 
angle of propagation across the coastline and the 
height of observation will effect the rapidity of the 
recovery effect. After the transition period, from 
about 2 or 3 wavelengths to as much as 20 wave- 
lengths, the groundwave is observed to behave in 
essentially the same manner as it would for a homo- 
geneous medium with an increase or decrease in 
level depending upon the relative conductivities of 
the two media in question. As an example in 
figure 2 the field intensity appears to be following 
that anticipated for the over ice propagation at 
distances of 30 to 50 miles with an approximate 
6-db increase in amplitude apparently caused by 
the 8 miles of soil in the vicinity of the transmitter 
itself. On the other hand, in figure 4 the surface 
wave increases from that at the coastline to a point 
where it follows the sea water surface wave attenua- 
tion curve that is attenuated by 10 db from that 
expected for a complete over water path. In other 
words, the 50 miles of tundra and ice in the vicinity 
of the transmitter have apparently caused a loss of 
10 db for the surface wave. It would also be 
anticipated that had the terrain in the immediate 
vicinity of the transmitting antenna been glacier, 
that instead of being 10 db down, the field would 
have been approximately 16 db lower than for an 
all sea water path. 

In figure 5 where transmission from Sondrestrom 
is observed at a frequency of 132 ke the surface 
wave is observed to decrease quite rapidly going 
through some oscillations in the vicinity of 50 miles 
apparently due to a 7,000-ft mountain off to one 
side. Once the coastline was reached, the course of 
flight was changed so as to bring the path back into 
the shadow of this mountain and the recovery effect 
observed was appreciably less than anticipated ap- 
parently due to the shading effect of the mountain. 
Here the over sea water surface wave appears to 
approach a decay rate anticipated for a surface 
wave 21 db below that for an all over sea water 
path. In this particular case the lossy media 
although not entirely glaciated, was very rough and 
produced an appreciable decrease in field. 

A somewhat similar recovery effect was observed 
on flight 3; however, after the peak of the recovery 
was reached at approximately 100 miles from the 
transmitter, the rather high skywave reflection 
coefficient existing at this time caused an appreciable 
amount of skywave energy to be present so that it 
was impossible to determine from this flight the 
characteristics of the surface wave. 
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3.4. Skywave Field Calculations 


The general ray path geometry involved in sky- 
wave propagation is shown in the sketch at the top 
of figure 14 where the launching and ionospheric 
reflecting angles are shown. These angles and the 
cosine of the ionospheric reflection angle are given 
in figure 14 for an effective height of 70 km which 
corresponds to typical daytime conditions and for 
an effective height of 90 km in figure 15 which is an 
effective nighttime condition. The dotted lines on 
the 1-hop psi curve show the anticipated values 
when atmospheric refraction is included in the 
calculations. This particular effect, along with a 
much more detailed description of the phenomena 
involved in skywave propagation, is described by 
Norton [12]. The time delays between the skywave 
and groundwave based on ray path length differences 
is given in figure 16 so that some idea of the separa- 
tion between cancellation and reinforcement points 
can be calculated. This figure is also employed to 
determine the total length of the skywave which is 
used in calculating the inverse distance field. 

It now becomes apparent that the skywave is 
reduced by an antenna vertical pattern and a 
launching factor at the transmitting site. It is also 
decreased by absorption and polarization conversion 
at the ionosphere and increased by a convergence 
coefficient as described by Norton [12], where the 
combined effect is considered as the reflection coeffi- 
cient ;,);; which can become greater than one for 
oblique paths. On arriving at the receiving point 
the skywave is changed by the launching factor and 
vertical antenna pattern at the receiver and the 
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Ficure 14. Ray path geometry and resulting angles for 
effective layer height of 70 km. 








height gain factor if an elevated observation point is 
considered. For multiple hops the additional iono- 
sphere reflection and conversion coefficients and 
ground reflections must be included. This can be 












































1,000 
500 
200 
100 Trt rt 
7) LOE i 
lJ 50 He NG 
- + oe 
A 
o oe 0; 
O ass — 
~ 20 LAR ENS 
WwW ‘Sy Me . 2, 
a 8 — NS 
e4 10 T et 
a | 
= 5 Based on calculations 
> by H. H. Howe 
= v4 
——— ¥, based on ray tracing 
4 
at 2 including atmospheric bending, t Negative ¥ 
a. N = 250, from Norton and Bean r 
probably not valid below about 50kc H 
| 
== T t zane 1 
05 I OS ~g 
| o 
oO 
o2 qe = 
Ol Ol 
10 20 50 100 200 500 1,000 2000 5,000 10000 


D- PATH DISTANCE , NAUTICAL MILES 


Fiaure 15. Ray path geometry and resulting angles for an 
effective layer height of 90 km. 
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FiaurE 16. Transmission delay times between skywave and 
groundwave based on ray length only. 
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summarized as shown in the following equation 
where instead of multiplying ratios, we shall add all 
the factors as expressed in decibels. 


Em=K-+ P,—Dy+A,—L,—I+Ca—(m—1) n+ G) 


P,(db ABOVE Ikw ) 


PATH DISTANCE ATTENUATION, db 


+A4,+H (6) 
Egn.=mth hop skywave field intensity in decibels 
above 1 yv/m, 
K=constant used in calculating free space field 
at unit distance, 
=98.2 for nautical miles, 
—99.4 for statute miles, 
=103.6 for kilometers, 
P,=power radiated in db above 1 kw (see fig. 17), 
D,=inverse distance attenuation in db relative to 
unit distance (see fig. 18), 
A,=transmitting antenna free space gain in 
decibels at launching angle y (see fig. 19), 
L,=transmitting antenna launching loss in deci- 
bels relative to a loop in free space (see 
figs. 10, 11, 12), 
J=ionospheric reflection loss=— 20 log, 2), + Cn 
(see figs. 21, 22, 23), 
m=number of hops, 
C,,=convergence at ionosphere in db (see fig. 20), 
I,=ionospheric reflection loss for multiple hops 
which includes conversion as well as 
reflection coefficients, 
G=ground reflection loss in decibels (see fig. 24), 
L,=receiving antenna launching loss in decibels 
relative to a loop in free space (see figs. 10, 
11, 12), 
A,=receiving antenna free space gain at launch- 
ing angle y in decibels (see fig. 19), and 
H=receiving antenna height gain in decibels 
over surface value (see fig. 13). 
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FicurE 18. Inverse distance. 
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If the receiving antenna voltage is desired, it cap 
readily be obtained by multiplying the field intensity 
in microvolts per meter by the effective height jp 
meters. 

Before attempting tc apply this equation, we shal] 
first consider the ionospheric reflection factor. [t 
should be emphasized that the ionosphere is a very 
complex media, and that at present we only have an 
approximate knowledge of its structure. <A recent 
survey of studies of the phase stability of ionospheric 
reflected radio waves from 16 to 500 ke has indicated 
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Ficure 20. lonospheric convergence factor. 
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that during tlie day the ionosphere for most of the 
time appears very smooth at least to 100 ke and 
probably beyond, and that at night the apparent 
roughness is only very slightly greater at vif. At 
100 ke and higher, the ionosphere may be smooth 
enough to vield essentially specular reflection and as 
a result full convergence; however, in the region of 
500 ke the reflections may become fairly diffuse for 
an appreciable percentage (estimated 5 to 30) of the 
time. 

On this basis, it can be seen that we should always 
employ the full value of C,, at vif and also at If 
during the day, and that it may also be applicable 
up to 500 ke for an appreciable amount of the time 
at night. Very excellent descriptions of many of 
the factors involved are given by Bracewell et al. [13] 
and Waynick [14]. Ionospheric reflection coefficients 
have been obtained by a rather large number of 
investigators [15 to 19] and their results along with 
some of our observations at Goose Bay and on 
fights 2 and 3 have been combined with appropriate 
corrections for antenna cutback factor where re- 
quired and the results presented in figure 21. Here 
itis seen that the attenuation on reflection at 100 ke 
increases with the cosine of the angle of incidence to 
a maximum value at vertical incidence. It also 
shows that the summer noon values are much higher 
than winter noon which in turn are also higher than 
the nighttime values. It also appears that the 
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} Ficure 21. Inospheric reftection coefficient as a function of 
angle of incidence at 100 ke 


Convergence factor removed. Estimated median values. Actual value at 
any time may differ appreciably from that shown. 








al 


variation in attenuation upon reflection as a function 
of angle is much less at night than during summer 
days. 

To prevent us from reaching the erroneous con- 
clusion that this behavior is typical at all frequencies, 
we have included figure 22 which shows the attenua- 
tion on reflection as a function of the cosine of the 
angle of incidence for 16.6 and 40 ke. Here it can 
be seen that there is an appreciable Brewster angle 
effect with a maximum attenuation in the region of 
70 to 75 deg. This type of behavior is anticipated at 
vif and the lower lf region below around 70 ke where 
the ionosphere effective boundary is apparently 
rather smooth and sharp as described in a theoretical 
paper by Wait and Perry [21]. As the frequency is 
increased, the boundary becomes less sharp so that 
the Brewster angle effect is not anticipated at fre- 
quencies of 100 ke and up. In order to determine 
the effect of different frequencies upon the attenua- 
tion on reflection, figure 23 has been prepared show- 
ing the loss for an angle whose cosine is equal to 
0.15. This corresponds to a distance of approxi- 
mately 800 nautical miles. It can be seen that the 
loss on reflection increases rather rapidly with 
frequency during summer daytime conditions reach- 
ing a value in excess of 70 db at a frequency of 700 ke. 
At noon in winter, the increase is less pronounced 
and during nighttime conditions the loss increases 
very little with frequency until 100 ke is reached and 
beyond this point a maximum value of 10 to 20 db 
in the region of 400 ke is expected. One of the in- 
teresting apparent indications of the data making 


/ up this particular curve are that at very low fre- 
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quencies, in the order of 15 to 20 ke, the reflection 
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FiGurE 22. Ionospheric reflection coefficient as a function of 
angle of incidence at 16 and 40 ke. 
Convergence factor removed. 
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FicurE 23. Approximate ionospheric reflection coefficient at 
grazing (cos $-0.15), (d-800 nautical miles), for vif and lf. 


Estimated median values. 


coefficient at near grazing angles does not vary 
greatly either with season or time of day. This at 
first might seem to contradict the amount of ob- 
served increase in attenuation during the day over 
that observed at night. A closer examination of the 
problem by Wait [21], reveals that in general the 
increase in daytime attenuation can be explained by 
the lower height of the ionosphere with the corre- 
sponding changes in angles of launching. 

The seasona] and diurnal variation of the iono- 
spheric reflection coefficient are well known to be cor- 
related with solar radiation as has been shown for 
example by Pierce [23] where he relates the path 
attenuation coefficient to the sun’s zenith angle. 
The approximate zenith angles corresponding to the 
conditions described in figures 21 and 23 have been 
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FicureE 24. Ground-reftecticn attenuation. See Terman [5]. 





should be mentioned that sunspot activity will also 
affect the reflection coefficient and when more de. 
tailed curves of loss on reflection are prepared, they 


will undoubtedly include these effects. 


When more 


than one hop is considered, the ground reflection 
coefficient for each polarization must be considered 
as shown in figure 24. 

When determining the efficiency of a given carrier 
in the presence of noise and interference, it is neces- 
sary to know the characteristics of the fading as wel] 
as that of the interference present as described by 


Watt et al [24]. 


Unfortunately, statistical distribu. 


tions of the instantaneous carrier amplitude were not 
obtained during these observations; however, from 
the recorder record with a 1-cps band, the fade rate 
was observed to vary from fairly rapid excursions 
during the sunrise and sunset periods to slower 
variations during the day and short night periods, 
It was interesting to observe that the abnormally 
high field intensity periods recorded during the day 
of the 10th and 11th showed a very steady carrier 


level with essentially no fading at all. 


This would 


tend to indicate that the ionospheric reflecting layer 
present at this time was much steadier than normally 


observed. 


Some of the fading characteristics as described by 
Bowhill [20] are shown in figure 25 where it is in- 
teresting to observe that the fade rate is generally 
very low at frequencies below 70 ke and that it in- 


creases at higher frequencies. 
out that in the intermediate 


These fade rate observations combined with 
receiver measurements indicate layer drifts 


zontal size of 6. km. 


FADING RATE ,cps 
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Bowhill also points 


region of 60 to 100 ke 
that fading records show the presence of both a slow 
component of the magnitude of 0.01 cps and a high 
component whose rate is in the order of 0.2 cps. 
spaced 
in the 
ionosphere and rather random blob sizes whieh 
during the nighttime at a height of approximately 
90 km appear to have an average effective hor: 
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FicureE 25. Average fading rate. 
Nighttime observations at near vertical incidence. 


At a 100-km height as ob- 
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served by frequencies in the order of 150 ke the 
average blob size appears to be 0.5 km. Somewhat 
similar observations have been made by Land- 
mark [25] although the size of the blobs he reports are 
somewhat larger than those expected by Bowhill. 

In any event it is interesting to note the change in 
appearance of the ionosphere as frequency is in- 
creased in the region of 70 ke and compare it with the 
nighttime ionospheric reflection coefficient presented 
in figure 23. Here at more nearly grazing incidence 
the effective change might be anticipated to occur 
at a lower frequency and it is possible that were 
sufficient data available, we would find that the re- 
flection coefficient at night changed very little up to 
30 or 50 ke and that above this region the attenua- 
tion would increase rather rapidly. 

It should be pointed out that the factor affecting 
the amount of convergence obtained is actually the 
effective roughness rather than the horizontal blob 
size. Norton [12] has summarized the phase sta- 
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Ficure 26. Median effective ionospheric roughness parameter, 
on, oblained from observations of oa. 


oo(degrees)=2.4 fic cos dan (kilometers). 


bility observations of a number of investigators over 
the frequency range of 16 to 500 ke and the results 
of this study plotted in terms of ionospheric rough- 
ness is shown in figure 26. These results indicate 
that the convergence shown in figure 20 is probably 
always valid up to 100 ke and valid during the day 
up to 500 ke. At night from 200 to 500 ke the 
amount of convergence present is likely to vary 
from zero to the full amount. 

Three sample calculations for a 100 ke-frequency 
are included in this report and are shown in tables 1, 
2, and 3. The results are also shown on figures 4 
and 6. The calculations were made according to the 
existing conditions at the time flights 2 and 3 were 
made. For instance, flight 3 was made during day- 
light hours in northern latitudes where cos x <0.2. 
Our measurements indicated however, that the 
lonosphere was not typical of daytime conditions, 





TABLE 1. Skywave field intensity calculation—Thule to Goose 
Path 


Eu=K+P,—DptAt—Li-1+-Gi—-L,+-Ar+H 
Condition: Daytime, northern latitudes, cos x ~0.2, J=] med+2 db 










































































| 
Distance nautical 
miles 50 70 100 | 200 | 400 | 700 | 1,000] 1,25 
v1 (70 km) SP | 47 | St | oe g° | 3.2° | 0.3° | —0.5° 
Cos ¢:1 (70km) | 0.83 | 0.75 | 0.60 | 0.38 | 0.22 | 0.17 | 0.16 | 0.16 
Poaceae 98.2} 98.2] 982] 982] 98.2 | 98.2 | 98.2 98. 2 
| Re 14.6] 14.6] 146] 14.6] 146] 14.6] 14.6 14.6 
= ae ae —34.0 |—37.0 |—40.0 |—46.0 |—52.0 |—57.0 |—60.0 | —62.0 
So Cera —5.0| —3.0| —1.9] —07| —02| —01] 0 0 
i es Senet 0 0 0 —1.0 | —4.0 |—12.0 |—19.0 | —22.0 
cS EET? |—32.7 |—32.0 |—30.3 |—27.0 |—23.4 |—21.5 |—21.0| —21.0 
Pea eI EN | @2] O38] O44] O26 LT} &71 62 7.2 
5) ERE ROR | 6 60| 60| 60| 60] 45] 26 2.0 
ae ea |} —5.0} —3.0] —1.9| —0.7| —0.2| —0.1 0 0 
Bei = Je | 0 0 0 Ok AO OP ean 0 
Eu _¥....| 423| 441] 45.1 | 44 | 40.7 | 33.3] 21.6] 17.0 
| | | 
TABLE 2. Skywave field intensity calculation— Thule 
to Goose Path 
Eu=K+P,—Dpt+A:r—Li—I+ C; —L,+Ar 
Condition: Cos x~0.2, ionosphere low (70 km) with ionization 
attenuation typical of nighttime conditions. 
am | | | = | | 
Distance | | 
nautical |} 7 100 200 400 700 | 1,000 | 1,250 | 1,400 
miles 47° a oe 9° | 32° | 03° | —0.5° a 
¥1(70 km) 0.75 | 0.60 | 0.38 | 0.22 | 0.17 | 0.16 | 0.16 | 0.15 
Cos ¢1(70 km) | | | | | 
| | | 
aaa | - ee | 
LT OLE 98.2} 98.2] 982] 982] 982] 982! 982] 98.2 
| RR 14.6] 146] 14.6| 146] 146] 146| 146] 146 
| ae aaa —37.0 |—40.0 |—46.0 |—52.0 |—57.0 |—60.0 |—62.0 | —63.0 
PS aS —3.0| -1.9| —0.7 | —0.2 | —0.1 Oo |} @: 0 
Saf 0 0 | —1.0 | —4.0 |—12.0 |—19.0 |—20.0 | » —20.0 
| Ee —11.8 | —9.8 —7.6 | —5.0| —3.8 | —3.6| -3.6] —3.6 
"aE I | 03] O04] O6] 17) 5&7] 62] 7.2] 8.6 
ne TE ee 6.0} 60} 60] 60] 45) 26] 20/>b-120 
echaetcas: | -%0 | -1.9| -0.7 | -0.2|-01] 0 0 | 0 
i Ce ES ROR | 64.3] 65.6 | 63.4 | 59.1) 51.0} 30.0] 36.4 22.8 





® This low value for L: is due to y being negative and the close proximity of the 
sea in the launching path. 

b The change in L, is due to tke crossing of the sea coast at 1,250. Thus at 1,400 
the receiving antenna launching area was over arctic soil. 


Skywave field intensity calculation— Thule 
to Goose Path 


Ea=K+P,—Dpt Atr~Li-ht+-O2—h—-G—L;+Ar 


Condition Cos x~0.2, ionosphere low (70 km) with ionization 
attenuation typical of nighttime conditions. 


TABLE 3. 








Distance 

















| 
| 
nautical 200" | 4008 700* | 1,000 1,250 | 1,400 
miles | 36° | 20° i | 6° 4° 3° 
¥2(70 km) 0.6 0.37 | 0.24 0.18 0.17 | 0.17 
Cos $2(70 km) 
se toe 98.2 98.2 | 98. 2 98. 2 98. 2 98. 2 
P,. 14.6 14.6 | 14.6 14.6 14.6 14.6 
— Dp. - —48. 0 | —53.0 —57.0 —60. 0 —62.0 | —63.0 
eS es —1.9 —0.7 —0.2 —0.1 —0.1 0 
IR ee ite nna 9 —1.0 —4.0 —7.0 —i0.0 —12.0 
SS) Ss en —10.0} —7.5 —5.0 —4.0 —4.0 —4.0 
Res en nes 0.2 0.4 | 1.5 2.0 3.5 | 5.0 
5 ae -10.0| —-7.5| —50 —4.0 —4.0 —6.0 
=: eee ae 0 0 | 0 0 b-3.0| »b—3.0 
oS ES | 6.0 6.0 | 6.0 5.5 | 5.0| ¢—2.5 
oe |} -L9} -07}] -0.2 —0.1 —0.1 | 0 
| | 47.2 | 48.8 | 48.9 45.1 38.1 | 27.3 





a Whenever the sky ray distance (D,) is appreciably different from the surface 
distance (D), see figure 16 to calculate D, and use this value to calculate Dp. 

b At these distances the ground reflection point was on Baffin Island. 

¢ At this point the receiving antenna was over land instead of sea as it had been 
up to 1,250 nautical miles. 
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and we chose a typical daytime ionospheric height 
of 70 km with ionospheric reflection values for normal 
nighttime conditions. Conditions for flight 2 were 
considered to be normal for summer daytime condi- 
tions in northern latitudes. Since cos x=0.2 at 
these latitudes during the summer, we used iono- 
spheric reflection values close to what we have in- 
dicated on figure 22 as typical values for winter noon 
conditions 

The authors acknowledge the assistance received 
from K. A. Norton, J. R. Wait, and J. S. Belrose 
during many helpful discussions of these problems 
as well as for the permission to use material prepared 
by them. In addition, they are indebted to: Col. 
W. E. Geyser of AACS for his interest and assist- 
ance in making this work possible, and the personnel 
under his command including O. E. Cummings who 
made the aircraft measurements of flight 2; 'R. M. 
Coon and E. F. Florman for helpful discussions and 
assistance in obtaining the data; Winifred Mau for 
her assistance during the preparation of this manu- 
script; J. C. Harman for preparation of the illustra- 
tions; and to W. W. Brown for permission to use 
some of his vif observations. The cooperation of 
J. E. Gillis, A. B. Nicolaou, and Hans Roethlis- 
berger of the Snow, Ice, and Permafrost Research 
Establishment, and Comdr. C. Santae, USN, is also 
appreciated. 


4. References 


{1] J. R. Wait, Transmission curves for ground-wave propa- 
gation at low radio frequencies, Radio Physics Lab., 
Defence Research Telecommunications Establish- 
ment, Ottawa, Canada, rept. No. R-1, April, 1953. 

[2] G. Millington, Ground-wave propagation over an in- 
homogeneous smooth earth, Proc. Inst. Elec. Engrs. 
London 96 Pt. TIT, 53 (1949). 

[3] J. R. Wait, Mixed-path ground-wave propagation, I and 
i, J. Research NBS 57, 1 (1956) RP 2687; and 59, 
19 (1957) RP 2770. 

[4] J. R. Wait, The amplitude and phase of the low-fre- 
quency ground wave near a coastline, J. Research 
NBS 58, 237 (1957) RP2756. 

[5] J. R. Wait and A. Murphy, The influence of a ridge on 
the low-frequency ground wave, J. Research NBS 58, 
1 (1957) RP2727. 

[6] F. E. Terman, Radio Engineers Handbook, sec. 11 
(McGraw -Hill Book Co., New York, N.Y., 1943). 

[7] J. R. Wait and W. A. Pope, Input resistance of L.F. 
unipole aerials, Wireless Eng. 32, 131 (1955). 


112 





[8] K. A. Norton, The calculation of ground-wave field in. 
tensities over a finitely conducting spherical earth, 
Proc. I.R.E. 29, 623 (1941). 

[9] N. E. Dorsey, Properties of ordinary water substance 
(Reinhold Publishing Corp., New York, N.Y., 1940). 

[10] J. R. ait and A. Conda, Trans. L.R.E. , AP-6 (October 
1958 

[11] K, A. Norton and A. C. Ombert, The maximum range 
of a radar set, Proc. I.R.E. 35, 4 (1947). 

{12] K. A. Norton, (Informal communication, July 1958), 

[13] R. N. Bracewell, K. G. Budden, J. A. Ratcliffe, T. W. 
Straker, and K. Weekes, The ionospheric propagation 
of low- and very-low-frequency radio waves over dis- 
tances less than 1000 km, Proc. Inst. Elec. Engrs, 
London 98 Pt. ITI, 221 (1951). 

[14] A. H. Waynick, The present state of knowledge concern- 
ing the lower ionosphere, Proc. I.R.E. 45, 741 (1957), 

[15] J. E. Bickel, J. L. Heritage, and 8. Weisbrod, An experi- 

mental measurement of vif field strength as a function 

of distance, using an aircraft, U.S. Nav A Electronies 

Lab., San Diego, Calif., rept. No. 767, Jan. 28, 1957, 

[16] J.S. Belrose, Some inv estigations of the lowest ionosphere 
(Doctoral Thesis, University of Cambridge, 1958). 

[17] J. E. Bickel, A met hod for obtaining If oblique-ineidence 

reflection coefficients and its application to 135.6 

ke/s data in the Alaskan area, J. Geophys. Research 

62, 373 (1957). 

[18] Rune Lindquist, Preliminary results of an investigation 
of propagation conditions at very low frequencies, 
Union Radio Scientifique Internationale, Boulder, 
XII General Assembly Document, 1957/No. 104/Com- 
mission ITI. 

[19] Weekes and Stuart, The ionospheric propagation of radio 
waves with frequencies near 100 ke/s over distances up 
to 1000 km, Proc. Inst. Elec. Engrs. London 99 Pt. 
IV, 38 (1952). 

[20] S. A. Bowhill, The fading of radio waves of frequencies 
between 16 and 2400 ke/s, J. Atmospheric and Terrest. 
Phys. 8, 129 (1956). 

[21] J. R. Wait and L. B. Perry, Calculations of ionospheri¢ 
reflection coefficients at very-low radio frequencies, 
J. Geophys. Research 62, 43 (1957). 

[22] J. R. Wait, The mode theory of vlf ionospheric propaga- 
tion for finite ground conductivity, Proc. I.R.E. 45, 
760 (1957). 

[23] J. R. Pierce, Sky-wave field intensity I. Low- and very- 
low radio frequencies, Cruft Lab. tech. rept. 158 (Har- 
vard U., Cambridge, Mass., Sept. 1, 1952). 

[24] A. D. Watt, R. M. Coon, E. L. Maxwell, and R. W. 
Plush (informal communication, 1957). 

[25] B. Landmark, The fading of radio waves reflected from 
the E layer, J. Atmospheric and Terrest. Phys. 10, 
288 (1957). 


Bovutper, Coto. (Paper 63D1-12). 








Wi 


ac 
C0 
pr 
in 
al 
m 
fo 
by 
fe 


al 


al 


fo 
al 


> field in. 
al earth, 


ubstance 
"., 1940), 
(October 


IM. Tange 


1958). 

», T. W, 
pagation 
over dis- 
. Engrs, 


concern- 
(1957), 
1 experi- 
function 
ctronics 
8, 1957, 
osphere 
358). 
icidence 
» 135.6 


esearch 


tigation 
Wencies, 
soulder, 
4/Com- 
of radio 
nees up 


99 Pt. 


uencies 
. 
errest. 


spherie 
encies, 


opaga- 


| very- 
(Har- 


RW: 


| from 
s. 10, 














Selected Abstracts of Publications by the National Bureau of Standards Staff 


Bureau Publications 


Propagation of very-low-frequency pulses to great 
distances, J. R. Wait, J. Research NBS 61, 187-203 
(Sept. 1958) RP2898. 


A theoretical study is presented for the propagation of electro- 
magnetic pulses at very low frequencies to large distances. 
The space between the earth and the ionosphere is repre- 
sented as a wave guide with sharply bounded and concentric 
spherical boundaries. The concept of phase and group 
velocity and its application to the present problem is discussed 
in some detail. The influence of the propagation medium 
on the shape of the envelope of a quasi-monochromatic pulse 
is also considered. Using an alternative approach, the re- 
sponse of an impulsive source is also calculated and is shown 
to be a damped oscillatory function of time with a quasi-half- 
period varying in a predictable manner with distance of travel 
in agreement with the observations of Norinder and Hepburn. 


Techniques for accurate measurement of antenna 
gains, H. V. Cottony, NBS Circ. 598, 10 pp. (Dec. 
1958). 


Comparison of published results of experimental antenna 
measurements, particularly gains, reveals apparent discrep- 
ancies of the order of one or more decibels. Experimental 
work at the National Bureau of Standards on sealed model 
antennas for long-range VHF communication via ionospheric 
scatter revealed some sources of difficulties and led to the 
adoption of special precautions resulting in significantly more 
consistent, and, it is believed, more accurate results. The 
procedures are based on the comparison method but include, 
in addition to the standards antenna, the use of a third 
antenna here designated as the reference antenna. To obtain 
more accurate measurements it was found essential to correct 
for the standing wave pattern in the field set up, presumably, 
by reflections from the irregularities in the terrain. Special 
features of instrumentation, including methods for minimizing 
and measuring matching losses, are described. The accuracy 
of the techniques has been verified by measuring the gain of 
an antenna, the value of which could be accurately calculated. 


Transmission and reflection of electromagnetic 
waves in the presence of stratified media, J. R. Wait, 
J. Research NBS 61, 205-232 (Sept. 1958) RP2899. 


A general analysis is presented for the electromagnetic re- 
sponse of a plane stratified medium consisting of any number 
of parallel homogeneous layers. The solution is first devel- 
oped for plane-wave incidence and then generalized to both 
cylindrical and spherical-wave incidence. Numerical results 
for interesting special cases are presented and discussed. The 
application of the results to surface-wave propagation over a 
stratified ground is considered in some detail. 


Non-Bureau Publications 


Antennas and waveguides, and annotated bibli- 
ography (169 refs), U.S.A. National Committee Re- 
port (URSI Subcommission 6.3), H. V. Cottony, 
R. S. Elliott, E. C. Jordan, V. H. Rumsey, K. M. 
Siegel, J. R. Wait, and O. C. Woodyard, JRE Trans. 
AP-7, 87-98 (Jan. 1959). 


Recent developments in some of the more active areas of 
antenna and diffraction theory are summarized. Although 
concerned primarily with U.S.A. activity, some reference is 
made to the literature of other countries where closely allied 
work is in progress. Fields included in this survey are broad- 
band antennas, wide-angle microwave optics, antennas for 
lonospherie scatter propagation, traveling-wave antennas, 
slot radiators, diffraction, and scatter theory. 











Calculations of transverse current loss in buried wire 
ground systems, J. R. Wait, Appl. Sci. Res. Sect. B 
7, 81-86 (1958). 


A formula is developed for the impedance between a wire grid 
buried in a homogeneous ground and an overhead conducting 
plane. The result can be employed to calculate the power 
lost due to transverse currents in buried wire ground systems 
for antennae. 


Characteristic size of airglow cells, F. E. Roach, E. 
Tandberg-Hanssen, and L. R. Megill, J. Atmospheric 
and Terrest. Phys. 18, 1138-121 (Dec. 1958). 


Evidence is presented for the existence of discrete 5577 airglow 
cells in the upper atmosphere. iudependent analyses are 
based on a) the comparison of diurnal intensity variations in 
different parts of the sky and b) the measurement of intensity 
gradients on airglow isophote maps. The numerical estima- 
tion of cell size is complicated by the fact that a single cell is, 
in general, larger than the region observable at a given 
location. The typical airglow cell for the 12 nights of the 
study has a diameter of approximately 2500 km. 


Compact microwave refractometer for use in small 
aircraft, M. C. Thompson and M. J. Vetter, Rev. Sci. 
Instr. 29, 1093-1096 (Dec. 1958). 


A microwave refractometer has been developed for use in a 
Type L-20 ‘Beaver’ single-engine light aircraft. A two- 
channel recording system is used providing simultaneous 
profile and turbulence records with rms noise levels of approx- 
imately 0.05 and 0.01 N unit, respectively. Power require- 
ment is 25 amperes at 28 volts de, and installation requires 
one-half hour for two men. No structural modification of the 
aircraft is required. The results of flight tests are presented. 


Day-to-day coordination of IGY observations, A. H. 
Shapley, Proc. IRE 47, 323-327 (eb. 1959). 


The IGY World Days and Communications program has four 
facets: (1) an IGY Calendar of selected days for experiments 
which cannot be carried on continuously; (2) a scheine for 
specifying periods when phenomena of unusual interest are 
anticipated a few hours in advance; (3) the prompt and wide 
distribution of summary observations of outstanding solar 
and geophysical events; and (4) the use of the world-wide 
scientific communications network for processing information 
of temporal interest. This is a cooperative effort including 
all the countries participating in the IGY. The paper de- 
scribes the plan and its execution, including the arrangements 
for rapid communications. 


Excitation of surface waves on plane and curved 
impedance boundaries, J. R. Wait, Congrés Inter- 
national sur La Propagation des Ondes Radio-Elec- 
triques, Liége, Oct. 6-11, Résumé des communications, 
26 1958). 


The excitation of surface waves on conducting, stratified, 
dielectric clad and corrugated surfaces has been studied in 
some detail. An expression for the field of an electric dipole 
located over a flat surface with a specified surface impedance 
Z was derived from the formal integral solution by a modified 
saddle-point method. Using the value of Z appropriate for 
a homogeneous conducting ground the general expressions 
reduce to those given by Norton. In this case, the phase 
of Z lies between 0 and 45°. When the phase exceeds 45° 
such as it may for a stratified ground, the radiated wave of 
the dipole becomes partially trapped to the interface. This 
effect is most pronounced for an inductive surface where the 
phase of Z is 90° in which case the energy of the wave is 
confined to within a small distance from the surface. Such 
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inductive surfaces are a metallic plane with a thin dielectric 
film or a corrugated surface. This unifying treatment pro- 
vides a link between the surface waves of Zenneck, Sommer- 
feld, Norton and Goubau and indicates that the magnitude 
and phase angle of Z controls to what extent these waves may 
exist for a dipole excitation. The analysis has been extended 
to curved surfaces possessing a reactive surface impedance. 
The model chosen is a magnetic line or slot source on the sur- 
face of circular cylinders with an inductive or capacitive 
boundary condition. Spherical, elliptical and spheroidal 
surfaces have also been considered. The radiation pattern 
of such systems has been calculated using three methods, 
whose range of validity overlap. 


Gains of finite-size corner-reflector antennas, H. V. 
Cottony and A. C. Wilson, JRE Trans. AP-6, 
366-369 (Oct. 1958). 


An experimental corner reflector was erected at the Table 
Mesa antenna range near Boulder. The aperture angle of 
this antenna was made adjustable to any value between 20 
and 180 degrees. The widths and lengths cof the reflecting 
surfaces were each adjustable from 0.4 to 5.0 wavelengths. 
Measurements of gain were made for numerous combinations 
of lengths and widths of reflecting surfaces. These measure- 
ments were made with a half-wave dipole in the first, second 
and third maximum positions. The aperture angle was 
adjusted to maximize the gain. The principal results are 
presented in the form of contours of constant gain plotted 
for a range of widths and lengths of reflecting surfaces from 
0.4 to 5.0 wavelengths. These graphs should be useful to 
a designer of corner-reflector antennas. 


Induction by an oscillating magnetic dipole over a 
two-layer ground, J. R. Wait, Appl. Sci. Res. Sect. B 
4, 73-80 (1958). 


An expression for the mutual electromagnetic coupling be- 
tween two small loops over a two-layer ground is derived. 
The result is expressed in a form which is suitable for calcula- 
tion by a digital computer. When the heights or separation 
of the loops are large compared to the skin depth in the 
ground, simple asymptotic formulas for the fields can be 
developed. The results are employed to obtain a convenient 
formula for the self-impedance of a loop over a two-layer 
ground. 


Interpretation of night-time low-frequency iono- 
grams, J. M. Watts, J. Geophys. Research 68, 717-726 
(Dec. 1958). 


Two types of retardation of the extraordinary ray on passing 
through a region whose critical frequency is below the gyro- 
frequency are discussed. On a sweep-frequency basis, one 
is observed near the critical frequency of the ordinary ray 
and the other appears near the gryo-frequency. Observa- 
tions of either require near transparency of the lower E-region 
during the night, but information as to the total number and 
distribution of electrons below the F-layer can be deduced 
from them. 


Long distance pulse-propagation experiment on 20.1 
megacycles, R. Silberstein, J. Geophys. Research 638, 
445-466 (Sept. 1958). 


A pulse-propagation experiment was performed between 
Sterling, Virginia, and Maui, Territory of Hawaii, with the 
object of studying the mechanism determining the classical 
MUF at long distances, and also of obtaining a general idea 
of the mode structure. Simultaneous oblique-incidence re- 
cords of the transmitter pulses were made at Boulder, Colo- 
rado which lies along the path. Some back-scatter records 
were obtained at the transmitter site; and vertical-incidence 
records were made at the midpoint of the Sterling to Boulder 
portion of the path. Results showed greatly differing mode 
structures between one day and the next, indicating that the 
long path is very sensitive to ionospheric conditions, and also 
that M and N reflection and layer tilts play an important 





part. Experimental evidence was strong that sporadic-R 
ionization enables the propagation of a wave over the path 
where F2 ionization at one end of the path is not sufficient 
for reflection. 


Low and medium frequency radio propagation (ab. 
stract), K. A. Norton, Congres International sur lq 
Propagation des Ondes Radio-Electriques, Liége, Oct. 
6-11, Résumé des communications, 20 (1958). 


During recent years, extensive progress has been made in 
understanding the nature of ionospheric propagation in the 
frequency range from 30 to 1,000 ke. In particular, Wait 
and Conda have developed suitable methods for determining 
the effect of the curvature of the earth on the illumination of 
the ionosphere by antennas radiating at angles near and 
below grazing incidence. Belrose has developed empirical 
formulas for ionospheric absorption in the range 70 to 250 
ke. Watt, Maxwell, and Whelan have analyzed data which 
makes possible the extension of these formulas to still lower 
frequencies, and Bean and Thayer have developed a radio 
standard tropospheric atmosphere which made possible good 
estimates of the bending of the radio waves in propagation 
to and from the ionosphere. Making use of these results, 
together with earlier studies made by the author of the 
absorption of radio waves in the band 540 to 1,600 ke and 
some new results on focusing at the curved surface of a rough 
ionosphere, predictions are made of the transmission loss 
expected in ionospheric propagation by m reflections at the 
ionosphere. The predictions appear to be in general agree- 
ment with the available experimental data, although the 
paper clearly points up the desirability of more definitive 
studies of the influence of absorption and polarization. The 
methods in that paper indic. e that the transmission loss 
increases only very slowly as the angle of departure approaches 
and goes well below grazing incidence with the earth. This 
provides an explanation for recent experimental data obtained 
with a pulse system as reported by Doherty which indicates 
very large intensities for one-hop sky waves on 100 ke both 
day and night at ranges up to 1,800 miles. 


Measurement of ground conductivity at VLF, J. R. 
Wait and A. M. Conda, JRE Trans. AP-6, 273-277 
(July 1958). 


The applicability of the four electrode methods of measuring 
sround conductivity at very low radio frequencies is discussed. 
The general theory is extended to include anisotopy in the 
substrata. In view of the spurious coupling between the 
current and potential line in conventional configurations, an 
alternative array is proposed which is arranged so that the 
inductive coupling is zero. A number of charts are computed 
which facilitate the interpretation of the measured or ap- 
parent conductivity in terms of a two-layer earth. 


Movements of airglow cells, F. E. Roach, E. Tand- 
berg-Hanssen, and L. R. Megill, J. Atmospheric and 
Terrest. Phys. 18, 122-130 (Dec. 1958). 


The possibility of translatory and rotatory motions of air- 
clow cells is examined. Evidence is presented for translatory 
motions in the 100 km region with speeds of the order of 
100 m/sec. Rotatory motions are indicated corresponding to 
a mean period of 5 hr. A broad similarity seems to exist 
between airglow cell motions in the 100 km region and vortex 
cells near sea level. The problem of the mechanism respon- 
sible for the excitation of the oxygen atom to the S state is 
discussed with particular reference to (a) photochemical re- 
actions and (b) environmental effects. 


Night airglow, Franklin E. Roach, Proc. IRE 4%, 
267-271 (Feb. 1959). 


A phenomenological description of the night airglow is pre 
sented, reviewing the historical background, and what 1s 
known about height, temporal and spatial variations in inten 
sity,andmovements. The very important relationship to au- 
rora and evidence for latitude-seasonal effects are examined. 
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Pattern of an antenna on a curved lossy surface, 
J. R. Wait and A. M. Conda, JRE Trans. AP-6, 
348-359 (Oct. 1958). 

Extensive numerical results are presented for the radiation 
fields of electric and magnetic type antennas mounted on 
smooth curved surfaces of finite conductivity. The model 
chosen is a circular cylinder whose surface impedance is 
specified. A residue series representation is employed for the 
portion of space deep in the shadow while a geometrical- 
optical representation is used in the “lit”’ region. In _ the 
penumbra, the fields are expressed in terns of the ‘‘Fock 
functions.’ The results are also applicable to other smoothly 
varying curved surfaces such as spheres, parabolic cylinders, 
and paraboloids. As an application, the E-plane patterns are 
computed for a small loop antenna on a spherical earth for 
both sea and land illustrating the so-called cut-back effect. 


Patterns of a slot-array antenna on a finite and im- 
perfect ground plane, J. R. Wait and A. M. Conda, 
L’Onde Electrique (Proc. International Congress Ultra 
High Frequency Circuits and Antennas, Paris, Oct. 
21-26, 1957) 38, 21 (1958). 

The radiation from a slot aperture on a perfectly conducting 
half-plane is discussed in some detail. The extension to 
end-fire arrays of slots is also treated. Numerical computa- 
tions are carried out for radiation patterns. It is shown that 
in general, the main beam is tilted up and away from the edge 
of the half-plane. The situation where the half-plane is lying 
on the surface of a homogeneous flat earth is also considered. 
The results have application in the design of flush mounted 
antennas of the end-fire type where, because of practical 
limitations, the ground plane is of finite extent and may be 
located on the surface of a “‘lossy’’ plane earth. 


Propagation of a ground wave pulse around a finitely 
conducting spherical earth from a damped sinusoidal 
source current, J. R. Johler and L. C. Walters, JRE 
Trans. AP-7, 1-10 (Jan. 1959). 

The form of the transient electromagnetic ground wave 
which has been propagated over a finitely conducting spheri- 
cal earth from a source current dipole is calculated by a direct 
quadrature evaluation of the Fourier integral. 


Radio propagation research at the National Bureau 
of Standards, F. W. Brown, Am. J. Phys. 26, 628-634 
(Dee. 1958). 


The Central Radio Propagation Laboratory is the central 
agency of the U.S. Government for obtaining, analyzing, and 
disseminating information on the propagation of radio waves 
at all frequencies along the surface of the earth, in the at- 
mosphere, and in the space. In order to carry out its responsi- 
bility, this Laboratory conducts research on the nature of 
radio waves, the nature of the media through which radio 
waves are transmitted, the interaction of the waves with the 
media, and the nature of radio noise and interference effects. 
This article describes some of that research and summarizes 
the historical background leading to the present framework 
for carrying out the research. To the best of the author’s 
knowledge, no completely comprehensive general summary of 
the Laboratory’s history, objectives, and research programs 
has previously been published. 


Reduction of adjacent-channel interference compo- 
nents from frequency-shift-keyed carriers, A. D. 
Watt, V. J. Zurick, and R. M. Coon, JRE Trans. 
CS-6, 39-37 (Dec. 1958). 

The abrupt changes in frequency associated with binary 
Modulation generate sideband components which frequently 
interfere with services in adjacent channels. Reductions in 
interfering bandwidths of 10 to 1 or greater over unfiltered 
keying at sideband levels 80 db or more below the unmodu- 
lated carrier are possible by the use of relatively simple filters 
in the keying circuit of frequency-shift-keyed transmitters. 
The frequency spectra resulting from filtered keying waves of 





FSK transmitters are derived, and the results presented in 
graphic form. The sizeable reduction of the interfering side- 
band components as predicted by the analysis is found to 
agree very closely with experimental measurements. Charac- 
teristics of desirable keying circuit filters to obtain these 
reductions are specified. 


Riometer—a device for the continuous measurement 
of ionospheric absorption, C. G. Little and H. Lein- 
bach, Proc. IRE 47, 315-320 (Feb. 1959). 

A sensitive, self-balancing, noise-measuring equipment, 
known as the riometer, is described. This instrument has 
been designed for routine measurement of ionospheric ab- 
sorption during the IGY, using the cosmic noise method. 
Application of this technique in the auroral zone has resulted 
in quantitative measurements of ionospheric absorption, even 
during polar blackouts. The riometer has the advantages 
over a simple total-power cosmic noise receiving system of (1) 
linear response to changes of input noise power, (2) high 
accuracy in the presence of narrow-band RF interference, 
and (3) good long-term stability. 

Solar cycle influence on the lower ionosphere and on 
VHF forward scatter, C. Ellyett and H. Leighton, 
Proc. IRE 46, 1711-1716 (Oct. 1958). 

A brief survey of published literature indicates that the 
electron concentration in the D region of the ionosphere 
changes with the solar cycle. Such changes should also be 
apparent in VHF forward scatter signal intensities. Analyses 
have therefore been made of seven years’ results, at 49.8 me 
from the Cedar Rapids, Iowa, to Sterling, Va., forward 
monthly median received signal intensity, for the noon and 
afternoon period only, follows the same trend as the mean 
monthly sunspot number. The effect is still more pro- 
nounced when comparison is made with magnetic disturbance 
indexes. However, when the comparison with magnetic 
indexes is made using a direct comparison in each 3-hour 
period, and eliminating long-term trends, no observable 
increase of the signal intensity is found as the magnetic con- 
ditions become disturbed. This is in sharp contrast to the 
behavior of such circuits in auroral regions. Further analysis 
shows that a weak increase in signal intensity with a rising 
magnetic index does occur if the analysis is confined to the 
midday period. It is concluded, therefore, that any magnetic 
influence is smaller on middle than on high latitude seatter 
circuits, but an effect can be clearly discerned by studying the 
magnitude of the received signal through a solar cycle. 
These results show that VHF forward scatter signals are not 
caused by reflection from meteor trails alone. 


Transmission loss curves for propagation at very low 
radio frequencies, J. R. Wait, JRE Trans. CS-6, 
58-62 (Dec. 1958). 

Curves of the transmission loss are presented for the propa- 
gation to great distances at frequencies in the range 10 to 20 
ke. The theoretical model of the ionosphere assumed is a 
sharply bounded homogeneous ionized medium. The work- 
ing formula for the field is a sum of waveguide-type modes. 
The calculated results compare favorably with experimental 
data at 16.6 ke over the Pacific Ocean. 


Very-low-frequency emissions generated in the 
earth’s exosphere, Roger M. Gallet, Proc. JRE 47, 
211-231 (Feb. 1959). 

Naturally occurring, very low-frequency signals not asso- 
ciated with lightning discharges, and strongly correlated with 
solar activity, have been recognized nearly as long as the at- 
mospheric whistlers which have their genesis in lightning dis- 
charges. Whereas whistlers have been satisfactorily explained, 
until recently these other phenomena have not. From the 
examination of a large quantity of high resolution spectro- 
grams, it has been deduced that a major fraction, if not all, of 
these other ‘‘noises’’ are excited in the exosphere by streams 
and bunches of high-speed ionized particles precipitating into 
the ionized atmosphere in the presence of the earth’s magnetic 
field. The electromagnetic waves excited are then prupagated 
in the manner of whistlers. 
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List of Other Publications by the National Bureau of Standards Staff ! 


Atmospheric bending of radio waves (abstract), 
B. R. Bean, Congres International sur la Propagation 
des Ondes Radio-Electriques, Liége, Oct. 6-11, Résumé 
des communications, 3 (1958). 


Communications via meteor bursts, G. F. Mont- 
gomery, Radio Electronics, 29, 88-90 (July 1958). 


Comparison of phase difference and Doppler shift 
measurements for studying ionospheric fine struc- 
ture using earth satellites (letter), M. C. Thompson 
and D. M. Waters, Proc. JRE 46, 1960 (Dec. 1958). 


First meeting on radio climatology (letter), B. R. 
Bean, Proc. IRE 46, 1425-1426 (July 1958). 


Mean deviation of the Poisson distribution, E. L. 
Crow, Biometrika 45, 556-559 (Dec. 1958). 


Observation of vertical-incidence scatter from the 
ionosphere at 41 Mc/sec., K. L. Bowles, Phys. Re- 
view Letters 1, 454-455 (Dec. 1, 1958). 


Preface to proceedings of the third symposium on 
cosmical gas dynamics, R. N. Thomas and J. M. 
Burgers, Held at the Smithsonian Astrophysical Ob- 
servatory, Cambridge, Mass. June 24-29, 1957, Re- 
view of Modern Physics 30, 908-911 (July 1958). 


Properties of lightning impulses which produce 
whistlers (letter), R. A. Helliwell, A. G. Jean, and 
W. L. Taylor, Proc. IRE 46, 1760-1762 (Oct. 1958). 
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Property of additively closed families of distributions, 
EK. L. Crow, Ann. Math. Stat. 29, 892-897 (Sept. 
1958). 


Proposed recommendation on ionospheric vertical 
soundings after the IGY, A. H. Shapley (Memo- 
randum No. 18) URSI (International Scientific 
Radio Union), Inform. Bull. No. 111, 42 (1958). 


Recent theoretical studies of the propagation of long 
waves (abstract) J. R. Wait, Congrés International 
sur la Propagation des Ondes Radio-Electriques, 
Liége, Oct. 6-11, Résumé des communications, 2) 
(1958). 


Study of earth currents near a VLF monopole an- 
tenna with a radial wire ground system (letter), 
J.R. Wait, Proc. TRE 46, 1589-41 (Aug. 1958). 


Transmission error function for meteorburst com- 
munication (letter), G. Franklin Montgomery, Proc, 
IRE 46, 1423-1424 (July 1958). 


Tropospheric effects on 6-Mc pulses (letter), R. 
Silberstein, Proc. JRE 46, 1968 (Dec. 1958). 


World-wide soundings committee, A. H. Shapley, 
Memorandum 17—Future work, URSI Inform. Bull. 
No. 110, 55 (1958). 


1 After this initial issue an attempt will be made to include everything pub- 


lished during the previous two month period. 
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ferred heights below 100 km. 


1. Introduction 


Gradually, over the past two decades, experi- 
mental results have either indicated directly, or have 
required the postulation of the existence of one or 
more discrete horizontal layers of ionization below 
the E-region of the ionosphere. Some of the most 
direct experimental evidence for such stratification 
has been obtained from vertical pulsed sounding 
of the ionosphere by Dieminger (1952), Gardner and 
Pawsey (1953), Gregory (1956), and others. How- 
ever, many other unrelated types of experiment in 
the literature tend to support the concept of stratifi- 
cation, and, because of the diversity of experiments 
and the types of phenomena observed, the term 
“stratification” has been broadened in this paper 
to include, in addition to layers of ionization, any 
phenomenon tending to localize or show maxima at 
one or more heights, provided the effect is not purely 
transient in character. 

The purpose of this paper is threefold: First, to 
search the literature for all references to discrete 
heights of phenomena occurring in the -region and 
below; secondly, to present and compare models 
based on two different premises; and, finally, to 
discuss the avenues most likely to lead to further 
progress in exploring this region of the atmosphere 
between 50 and 110 km. 

The references to discrete heights have been sur- 





veyed and grouped under the headings of radio, 
jrocket, meteor, and optical phenomena, and are 
followed by a briefer study of the heights of occur- 
rence of some of the relevant photoemissive processes. 
The existence of winds and turbulent air conditions 
in the lower ionosphere is well established and 
heights of these phenomena, have in some cases been 
deduced. Sufficient material has been included to 


clnnbenesinenie 





' This work was carried out in part under Contract AF 64(500)-5 from the U.S, 
Air Force Cambridge Research Center. 
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Stratification in the Lower Ionosphere’ 
C. Ellyett? and J. M. Watts 


(April 16, 1959) 


A survey of tne evidence for stratification in the ionosphere below 100 km is given, 
covering radio and optical observations, and rocket measurements. 
reached that one stratum at about 85 km is observed consistently, and that other fine struc- 
ture exists but has no long-time constancy of height or pattern. 
The authors consider explanations which may account for 
the observations, and advocate the testing of radio methods of exploration in conjunction 
with rocket measurements in order to develop the most practicable means of obtaining 
accurate electron density versus height profiles on a synoptic basis. 


The conclusion is 


There is no series of pre- 


show the nature of the phenomena, but a compre- 
hensive discussion of turbulence has not been at- 
tempted. 


2. Radio Methods 


2.1. Conventional Soundings 


At first, workers were busy discovering the impor- 
tant characteristics of the #- and F-regions above 
100 km, and paid scant attention to less prominent 
details. Appleton (1930), using a frequency change 
method of investigating the standing wave pattern 
of sky and ground waves, noticed “subsidiary 
fringes’”’ which could be interpreted as the effect of 
extra layers in the E#-region. Ratcliffe and White 
(1933) showed that some dual echoes which occurred 
in the #-region but never in the F-region were not 
Magnetoionic components and were presumably 
from extra stratification. Both of these cases were 
probably from heights just above 100 km, and would 
now be called sporadic £, but Appleton and Pidding- 
ton (1938) produced a histogram of echo heights 
showing a broad peak at 110 km, but significant 
occurrences of heights down to 80 km. In their 
opinion all echoes below the H-iayer were transient 
in character and never of high strength. Appleton, 
Naismith, and Ingram (1939) discussed the applica- 
tion and limitations of the critical frequency method 
of determining maximum electron densities of the 
layers, and in so doing, mentioned the effects of thin 
layers, scattering centers imbedded in layers, thin 
sheets formed by coagulation of clouds of electrons, 
90- to 100-km echoes (called trailing echoes), and 
F-region scatter. They also showed that sporadic-E 
reflections are from a preferred height. Ellyett 
(1947) collected early D-region information, and 
presented it together with some Pacific Island data 
from Pitcairn and Raoul Islands, showing that 
D-echoes were observed only during the day. 
Whale (1951), in summarizing the qualitative inter- 
pretation of regular ionograms, discussed subsidiary 
layers and evidence of irregularities in the E-region. 
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2.2. Experiments With Pulses at LF and MF 


Pulse transmissions at low and medium frequencies 
have produced a large quantity of data concerning 
the lower ionosphere. Helliwell (1949) and Helli- 
well, Mallinkrodt, and Kruse (1951) observed at 100 
and 325 ke, reporting heights from 86 to 106 km 
which were constant over periods of several hours, 
but which varied widely from day to day. At night 
“multiplicity of strata between 90 and 130 km” was 
observed. The separation of the echoes did not 
increase with order, which they interpreted, in the 
manner of Ratcliffe and White (1933), to mean 
stratification of the medium instead of echoes 
magnetoionically split. Helliwell (1952) also has 
shown that when histograms of observed reflection 
heights are plotted, certain ‘preferred heights” are 
evident. During August 1951 the values obtained 
were 100, 106, and 112 km. 

Further information on observed heights of reflec- 
tion may be found in Lindquist (1953) and Watts 
and Brown (1954). Lindquist reported vertical 
incidence results at 150 ke in the form of monthly 
median values of reflection heights. They were 
generally 85 km by day and 95 km by night. Watts 
and Brown produced low frequency ionograms with 
sweep frequency equipment, and reported heights in 
the forms of histograms and median values for 4 
winter months. Day levels were from 70 to over 
100 km, and at night the lowest level was 90 km. 
Several discrete levels were observed day and night, 
but in addition there was some evidence of turbu- 
lence in the lower reflections. 

Kilpatrick (1957) has correlated low frequency 
ionograms with standard high frequency ionograms 
made near the same location. The results clearly 
indicate that some of the low frequency reflections 
have little or no relation to the normal daytime 
E-layer. In order to investigate the reliability of 
navigational systems—especially loran—Naismith 
and Bramley (1951) conducted a series of experi- 
ments using pulses from regular loran stations, 
modified broadcast transmitters on 668 and 877 ke, 
and regular vertical incidence sounders. Equivalent 
heights of reflection were computed for different 
ranges and days. They found a marked failure of 
Martyn’s theorem concerning reflection delays at 
vertical and oblique incidence, indicating that partial 
reflections were important at oblique incidence. The 
lowest heights derived were 50 km at long range 
(1,208 km) to 85 km at 170 km. Two peaks, one 
at 75 km and another at 95 km were commonly 
present at intermediate ranges. At a range of 1,208 
km the only prominent peak in the histogram was 
at 70 km. 

In another oblique incidence experiment at 300 ke 
(Watts 1952 a), derived reflection heights were 70 
km by day and 80 km by night. It is significant 
that the oblique incidence results gave lower heights 
than had been observed at vertical incidence at any 
frequency. Also when 2- and 3-hop modes were 
used to derive reflection heights, greater values 
always resulted, showing that the angle of incidence 
controlled the effective height of reflection. 
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Polarization tests of returned echoes have beep 
made in order to resolve the question of the meaning 
of the apparent stratification in the region below 10) 
km. Benner, Grace, and Kelso (1950) used a crossed. 
loop polarimeter receiver to determine whether the 
split echoes were due to magnetoionic splitting, layer 
stratification, or partial reflection. They found the 
measured polarization precluded magnetoionic split- 
ting, but it did not fit their theoretical limiting polar. 
ization. Watts (1952 b) used a circularly polarized 
transmitting antenna, with periodic switching of the 
sense of rotation. Most occasions showed that split 
echoes had appreciably different polarizations, as 
evidenced by different amplitudes when the sense 
was reversed, but in only one case were the split 
echoes of completely opposite sense. 

In the low level region, disturbances by magnetic 
storms have the effect of making the region more 
transparent at night to the low and medium fre. 
quencies. Also, the fading is more rapid (Watt and 
Brown, 1951, and Lindquist, 1953). Lindquist also 
noted that SID’s reduced the amplitude of the 150-ke 
reflections, but did not change their virtual height. 
This probably means that fadeouts are caused by an 
increase of ionization well below the reflection heights 
being observed. 

Fejer (1955) used a pulse technique of novel type 
in an experiment involving interaction of two pulses 
in the ionosphere. By adjusting the timing of the 
two trains of pulses, the height at which they coin- 
cided could be altered. The method enables a de- 
termination of both electron density and _ collision 
frequency versus height to be made. 


and 78 km, presumably in the daytime. The method 
seems potentially powerful but, like most inter- 
action techniques, requires dealing with very small 
effects. 


2.3. Experiments Involving VLF Using Either CW 
or Sferics 


An approach to lower ionospheric understanding 
by means of long wave propagation has interested 
some other workers. It was hoped that the exper- 
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Weekes (1950) at 16 ke found that the reflectingpbut i 


layer changed its characteristics between 300 and 
500 km distance from the transmitter. At less than 
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500 km the received polarization was circular andMmedi 
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flection. At 500 km or greater the polarization waspflect 
linear, but the height was not determined. Bain andpver 
Bracewell (1952) proposed that two different reflec-Parlie 
tive heights, having different diurnal characteristics! [p 


would explain the VLF phenomena. Bracewel 


robs 


(1952) postulated a new theory of layer formation 0} the 
explain the downward extension of ionization 0bVLF 
served during an SID, and also that there must be®guch. 
separate layer below the E-layer. Bain (1953) wetlito int 
further, requiring two layers below the F, and tthe f 















quiring that the SID effect was a downward exten- 
ion of the top layer without change in the nature of 
ts ionizing reaction. Hopkins and Reynolds (1954) 
still later considered the problem, and decided that 
jificulties of interpretation arise when more than 
me wave of appreciable magnitude is received and 
hat their results gave only a broad description of 
oblique LF and VLF propagation. 
Rivault (1950) observed that the average height of 
reflection of sferics in October, 1949, from 1700 to 
100 hr was 75 km, and mentioned marked changes 
n the height of reflection during a magnetic storm. 
aton and Pierce (1952) observed that sferic wave- 
orms arising from the southwest were different from 
hose arriving from the southeast, which seemed to 
dicate that the earth’s magnetic field influences the 
1gnetic propagation. Their reflection heights averaged 86 
1 more km at night. Daytime waveforms were not suitable 
m fre- for analysis. Hepburn and Pierce (1953) deduced a 
tt and Playtime height of reflection of 65 km, and a night- 
st also time height of 90 km, from observations of the 
150-ke ['slow tail’”’ of sferics. 
height. | In 1953 Budden attempted to fit the accumulated 
| by an VLF observations of field strength versus distance 
heights fnto a model consisting of a sharply bounded, homo- 
peneous ionosphere and a perfect earth as a wave- 
el typebuide, neglecting the earth’s magnetic field. A 
| pulses fomputer was used to calculate waveguide modes and 
of the py trial to select parameters which fitted the ob- 
Y COM-ferved field patterns. He found that the four least 
s a de-bttenuated modes explained the measurements if 
ollision height of 69.1-+.05 km was assumed, together with 
rived 8 2 collision frequency of 1 to 3X10"/sec and an 
leat 72 blectron density of 135 to 400/cm? at the boundary. 
nethod his was a daytime model. 
_ Intel’) Th a later analysis, Wait (1957) showed that some 
y small lt the modes (called negative order by Budden) had 
ho physical significance. Using the corrected form 
pf the mode expansion and a sharply bounded lower 
onospheric model, Wait compared calculated field 
strength versus distance curves with the best avail- 
ble experimental data for daytime trans-Pacific 
tandingpaths. For frequencies in the range 16 to 25 ke 
erestedthe agreement was good for all distances if the col- 
expert fision frequency was taken as 10/sec and the electron 
1 sufficeflensity as 1,000/cm? at a reflection height of 70 km. 
At night the reflection height deduced was variable, 
but it seemed to be near 90 km. Also, some calcula- 
ions by Wait and Perry (1957) of ionospheric reflec- 
ion coefficients for a sharply bounded, homogeneous 
medium, with the magnetic field included, show 
i change of polarization and of phase of the ,,P,, co- 
ficient with range indicating a quasi-Brewster angle 
fect which may explain the existence of the change- 
ver in reflection characteristics observed by the 
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t reflec-Parlier workers at intermediate ranges. 
eristi@| In summary, a complicated stratified region is 


racewel robably not needed to explain the VLF results, but 
ation taf the medium is so complicated, there may be subtle 
‘ion VLE effects as yet unobserved. As an example of 
ust be Buch refinements, Wait (1958) has found it expedient 
3) welllto introduce a two-layered model in order to predict 
and Telthe field strength versus distance characteristics at 





frequencies lower than the range 16 to 25 ke con- 
sidered in the earlier paper (Wait, 1957). 


2.4. Theoretical Work Applying to Propagation 
of VLF and LF 


A lack of analytical solutions of the equations 
of wave propagation in inhomogeneous anisotropic 
media for the general case applying to the lower 
ionosphere has plagued all experimenters. How- 
ever, approaches have been made in two ways; first 
by finding approximate solutions of the wave equa- 
tions, and secondly by devising digital computer 
techniques for integrating numerically the wave 
function through the medium. In both cases 
models of the lower inonosphere must be proposed, 
tried, and modified until the results fit the observed 
characteristics. With reference to stratification 
several workers have argued that split echoes do not 
necessarily imply stratification, since their theoretical 
work predicted a “coupling echo” in addition to the 
regular echo from a single layer. See Nertney (1952), 
Gibbons and Nertney (1952), Nertney (1953), 
Davids and Parkinson (1955), and Parkinson (1955). 
However, Budden (1955) in a complete treatment 
and some trial solutions by the numerical integra- 
tion method, did not mention the extra echo. If 
the phenomenon exists, and his matrix 2 were plotted 
against height, it should exhibit the contribution 
from the extra ‘‘coupling”’ echo in appropriate levels. 
Poeverlein (1958) presents an analytic method con- 
sisting of approximation by very thin slabs which, ac- 
cording to the author, reduces to values equivalent 
to Budden’s matrix 2. Both Budden and Poeverlein 
demonstrate a ‘‘quasi-Brewster angle’? phenomenon 
with changing angle of incidence. (See comments 
referring to Wait and Perry (1957) above.) In 
summarizing this and the previous section, it should 
be noted that none of the methods discussed have 
enabled unambiguous, direct deductions of values 
of electron density and collision frequency versus 
height to be made. These should be the funda- 
mental objectives of all ionospheric research. 


2.5. Experiments With VHF Ionospheric Propaga- 
tion 


Research in VHF ionospheric propagation soon 
revealed that the signals were in general being re- 
turned from below the F-layer. Bailey, Bateman, 
and Kirby (1955) listed daytime heights between 75 
and 80 km and nighttime heights of 85 to 90 km. 
The lowest height observed in some pulse tests was 
59 km, and often several “strata’’ were simultane- 
ously active. Pineo (1956) reported heights of 70 
km by day and 86 at night, with frequent observa- 
tion of two daytime reflection heights of 73 and 89 
km simultaneously. It is quite apparent that these 
discrete heights at VHF cannot be explained by 
magneto-ionic splitting, and although there may be 
other difficulties of interpretation, these observa- 
tions refute the idea that stratification is physically 
impossible in the region. 
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2.6. Lower Ionosphere Pulse Techniques at MF, HF, 
and VHF 


Dieminger (1952 and 1954) called attention to the 
fact that low-level echoes were being observed in 
Germany by a conventional ionosonde. He observed 
the following characteristics: 


(a) The echoes could be seen from 1.6 to 4.0 Me 
at heights of 75 to 90 km in the daytime. 

(b) There was a diurnal variation of height with a 
minimum at noon. 

(c) The low levels merged with a 95 km level at 
night. 

(d) The heights of all echoes were independent of 
frequency. 

(e) There was a correlation of the absorption of 
higher level echoes with the height of the lower 
levels. 

(f) Low level echoes were most frequent in win- 
ter, and occurred in groups of days. 


In Dieminger’s opinion the echoes were produced at 
a sharp boundary, but the echo structure was patchy, 
indicating an inhomogeneous medium. Meteor dust 
was proposed as the cause of a permanent nighttime 
echo at 95 km. He also concluded that the results 
were strongly influenced by meteorological phenom- 
ena, and that synoptic data over the world might be 
necessary to understand them. At about the same 
time, Gnanalingam and Weekes (1952) reported 
heights of 75 to 80 km on winter days of high absorp- 
tion, but on other winter days heights of 90, 96, 
and 112 km were common. They used a sensitive 
frequency modulation technique to detect the weak 
signals. Later Gnanalingam and Weekes (1955) 
speculated on the nature of the region responsible 
for their observations. They argued that the echoes 
were not caused by gradients, because gradients 
would be destroyed by diffusion above 80 km, and 
gradients alone would not explain the absorption 
effects impressed on reflections from higher regions. 
They required a separate layer in the D-region 
which became totally reflecting at times at their 
frequencies (1.4 Mc). A histogram of all observed 
heights near noon during January and February 1952 
and December 1953, showed no preferred values. 
The lowest height was 74 km. 

Some lower ionospheric information has also 
resulted as a byproduct of auroral radar studies. 
Forsyth, Currie, and Vawter (1953) reported back- 
scatter on 56 Mc which they deduced came from a 
level of 85 km. Similarly McKinley and Millman 
(1953) occasionally received vertically incident 
echoes on their 33-mc meteor radar at an approxi- 
mate height of 80 km, night and day. 

The first pulse experiment especially designed to 
study the lower ionosphere at vertical incidence at a 
fixed frequency above all critical frequencies of the 
region was described by Gardner and Pawsey (1953). 
They used a fixed frequency of 2.28 Mc and an 
overall sensitivity 30 to 40 db greater than Die- 
minger. Daytime echoes were regularly found at 





heights of 60 km and up. Field strengths of th} | 
different components differed by factors of up to 19!) am 
and no echoes were ever observed below 55 kn} | 
Echoing layers seemed to come and go at fixe} ob 
heights. Their heights were classified in groups yf (!! 
70 km, 90 km and normal F-layer levels.  Histo.} ret 
grams of heights were also shown, arranged by th (0 
hour, and by the day. The lowest height showed ;} ¥@ 
pronounced diurnal variation. The echoes returne(} sh 
from levels below 76 km were composed of a larga} Ves 
component of extraordinary polarization than gf hel 
ordinary, suggesting that these were, indeed, partiaf fou 
reflections from less-than-critical density clouds gf 
electrons in the region. In pursuing the analysis qf ea” 
the phenomenon Gardner and Pawsey show tl 
theoretical basis for, and use of, a method of derivin D-1 
a complete profile of electron density versus heigh} Ba 
in the region. Derived profiles are given for noo} 5! 
on two days in May. One shows maxima at 64 anj ©! 
73 km. The other has maxima at 68 and 73 knjsu® 
The authors conclude that most absorption of Hi} 90- 
waves is above the 70-km region and that this regio" 
although at a definite level having separate existenc| . L 
is under some kind of solar control. They thin thr 
that VLF propagation characteristics can be ej ®PP 
plained, using their results. Ing 

It should be mentioned that Appleton and Pig S18" 
gott (1954), being interested in the absorption gf Ut 
HF waves, investigated Dieminger’s observations i} te 
low level echoes in winter by studying other regulif B 
ionograms. Again they found that occurrence (°™ 
winter days of high absorption is directly correlatey eld 
with the occurrence of sporadic reflecting § strat 
below the level of the H-layer. 

Gregory has used a vertical pulse equipment ¢ 
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of Gardner and Pawsey, together with an anten 
of 12 db gain directed vertically. His first pape lave 
(1956) gives -sults which not only confirm th attr: 
stratification observed by Gardner and Pawsey, auf ® 6 
Dieminger, but also show much additional det 
as a result of the greater sensitivity. This enablef?0t 
him to deduce or substantiate the following: 


(a) The existence of a modification of the /-regiv 
at 95 km, capable at times of total reflection, a 
showing some measure of solar control. 

(b) The continuous existence, night and day, off; 
second region, having a lower boundary near 85 ki 

(c) The existence of a complex series of parti 
reflections, during daytime only, extending down! 
53 km, with a marked increase in strength and ra 
of occurrence at the lowest heights during winte 
months. 

(2) The complete absence of reflections fr 
heights below approximately 50 km. Hfollo 

(e) A relation, on winter days of high absorptil yw 
only, between H-region echo strength and pattl# cone 
reflections from the heights 66 to 85 km. be ti 

(f) The findings of Dieminger that the low lev# tech, 
echoes had a tendency to occur in groups of  noggi 
secutive days, perhaps accounting for the wil adju: 
absorption anomaly. foun 


| fligh 
meni 


120 


Observations of discrete heights at 95, 85, 75, 67, 
and 53 km seem common in Gregory’s work. 
Gregory (1957) published a comparison of heights 
at fixe observed at 1.75 me with those reported by Pineo 
roups aif (1956) at VHF oblique incidence, pointing out the 
- Hist;,| remarkable similarities between the two with respect 
d by th: to heights and diurnal variations. The suggestion 
showed ,f was made that the two approaches (MF and VHF) 
returneij should be regarded as complementary ways of in- 
a large vestigating the nature of the region. A new low 
than of height commonly occurring on winter nights was 
1, partis found by Gregory (1958a) to be near 75 km, as 
Jouds of contrasted with the 85-km limit observed by the 
alysis of earlier workers. , ' 
how th Gregory (1959) states that equipment for recording 
deriving D-region echoes has recently been installed at Scott 
1s heigh} Base, 78°S, in Antarctica, and that reflection heights 
for nooj similar to those in temperate latitudes are being re- 
t 64 ang corded. Initial results show that the all-daytime 
| 73 kn} summer heights lie between 62 and 90 km, with the 
n of Hi90-km height present continuously. The fading 
rates are faster than at temperate latitudes. 

Landmark (1958), in observations at 2.3 Me of 
three polar blackouts, found that 65- to 70-km echoes 
appeared, but only when the main echo was increas- 
ing in amplitude (recovery period). The statistical 
significance of three cases may be somewhat doubtful, 
but polar blackouts are another phenomenon of great 
ations interest to which too little attention has been paid. 
- reguif Bowles (1958 and private communication) has ac- 
rence complished what amounts to a tour de force in the 
yrrelate) field of vertical incidence observations using pulses. 
, straip With a transmitter capable of 4 to 6 megawatts 
| peak pulse power, together with a 1024 element 
directive antenna, he has succeeded in obtaining re- 
han th flections at 41 Me which extend from the lower 
antenplonosphere continuously through to above the F- 
layer during the daytime. In particular, echoes, 
irm tettributed to turbulence, are observed continuously 
sey, at 60 to 90 km height. At any time several different 
“detaf Strata are observed, but their continuity in time has 
not been established. 
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3. Rocket Observations of Electron Density— 
Height Profiles 


_ The use of rockets over the past six years has 
introduced a powerful new tool in the study of the 
lower ionosphere. Much which in the past had 
to be inferred by remote radio and optical probing 
can now be measured directly. In this section only 
those rocket flights giving information on the electron 
density-height distribution are discussed. Other 
flights designed to give information on wind move- 
is 1 ments or on photoemissive processes are included in 
following sections on these subjects. 
sorptil! While rocket flights can give results on electron 
pal concentrations in the lower ionosphere, they must 
be treated with caution, because: (a) Experimental 
OW - techniques are complex, and in some cases have known 
0 be possibilities of error; (6) instrumentation has been 
wil") adjusted for electron concentrations of the order 
ound in the E-region. Consequently strata ap- 
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preciably below FE, of roughly 100-fold lower con- 
centration, have hardly been recorded at all; and 
(c) the total observing time for all rocket flights is 
still extremely small, and hence a knowledge of the 
basic structure could still to some extent be obscured 
by local abnormalities. 

Nevertheless, sufficient results are now available 
to show a fairly consistent pattern above about 88 
km, with small concentration peaks and ledges super- 
imposed on a steadily rising electron concentration 
with height. The rocket usually traverses a dif- 
ferent part of the ionosphere on the upward and the 
downward portions of the flight, and either this 
space separation effect, or a fading or turbulent 
effect arising in the few seconds between the two 
portions of the flight, is sufficient in some cases to 
remove, or to alter the height of minor concentration 
peaks, 

In 1953 Lien and coworkers reported four profiles, 
which differ in appearance, but three show a con- 
centration peak at about 97 km, and two show peaks 
at 111 and 122 km. Observations were continued 
by Seddon, Pickar, and Jackson (1954), with peaks 
appearing at 101, 113, and 128 km. During the 
descent the 101 peak did not reappear. Jackson 
and Seddon, working with good equipment in 1958, 
find a strong peak at 101 km due to a sporadic-# 
layer, not more than 1 km thick. Again Pfister and 
Ulwick (1958) show peaks for one flight at 106, 111, 
117, and 128 km, and comment on intense irregulari- 
ties. 

Jackson, in 1954, obtained daytime free electrons 
as low as 73 km. This was supported by Seddon, in 
1958, who obtained a measurable electron density 
: 74 km, and also observed an abrupt ledge at 86.5 
cm. 


4. Influence of Winds and Turbulence 
4.1. Experimental Evidence 


(a) Radio echoes. The ionosphere exhibits the 
characteristics of movement at all levels. As an 
example, sporadic-/ clouds can be traced as they 
move bodily from one geographical location to an- 
other. The paper by Thomas and Burke (1956) 
gives an account of some of the deduced character- 
istics of these clouds. Their heights are above 100 
km, their thickness is probably not greater than 1 
km, and the horizontal extent is of the order of 10 km. 
It may be that similar structures can occur in the 
lower ionosphere. 

Experimental work in studying motion of the 
lower ionosphere has invariably produced evidence 
that the apparent velocities change with height, 
sometimes very abruptly. Briggs (1951) found ir- 
regularities to be localized in height, using a fre- 
quency sweep technique which produced an inter- 
ference pattern independent of ionospheric motion. 
By using a low frequency (150 ke) and supplementing 
the usual amplitude pattern with a phase height 
measurement, Jones, Millman, and Nertney (1953) 
reported that their fading was produced at heights 
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of 74 to 77 km by day, and 83 to 100 km at night. 
Another report of 150-ke observations was by Banerji 
(1955), who found day heights for irregularities to 
be lower than at night (78 versus 87 km). Bowhill 
(1956) studied fading phenomena observed from 16 
to 2,400 ke, and suggested that a model containing 
small irregularities above the 70-km level and large 
ones below this level might explain the fact that 
a mixture of two different types of fading was ob- 
served. Later, Bowhill (1957) in a study of night- 
time reflection levels of 75- and 150-ke pulses, came 
to a similar conclusion, but decided that the more 
rapid fading was due to irregularities above 100 km. 
Parkinson (1956), dealing especially with the night- 
time 90-km echo, also found that it had two different 
characteristic fading frequencies, preseumably im- 
pressed upon the wave at two different levels. 
I. L. Jones (1958) reports that on two nearby fre- 
quencies, 2.0 and 2.5 Mc, the wind velocities were 
significantly different, perhaps because the fading 
was imposed by scattering near their different reflec- 
tion levels. Also, the directions of the winds ob- 
served at the two frequencies rotated diurnally, the 
rotation at the greater height (higher observing 
frequency) leading that of the lower height. The 
phase lead amounted to 7 or 8 degrees per kilometer 
of height, thus showing wind shear. 

(b) The movement of meteor trails. Again an 
appreciable body of literature has grown up in the 
past decade on meteor trail movements. Radar 
echoes from the trails of large meteors provide a 
powerful and direct method of observing movements 
in the 80- to 110-km region. Both steady move- 
ments, varying in direction with height and time, 
and turbulence are observed. Typical results are 
given by Greenhow (1952 and 1954) and Greenhow 
and Neufeld (1955 and 1956). They find that turbu- 
lent winds always occur between 80 and 100 km. 
There is a gradient of about 2.7 m/sec/km, but large 
irregularities in speed and direction are observed in 
a few minutes—occasionally amounting to complete 
reversals. Root mean square values of turbulence 
of about 30 m/sec are almost always observed. In 
their second paper they find that the height gradient 
of prevailing velocity was uniform at 0.5 m/sec/km ht. 

A full statistical study.of the accuracy of meteor 
wind measurements has- been made by Manning, 
Peterson, and Villard (1954), who find strong evi- 
dence of layered horizontal winds in the 80- to 
100-km region, with some superimposed irregular 
turbulent motion. Liller and Whipple (1954), photo- 
graphing the movement of meteor trails, support 
these results by finding circulatory or turbulent 
winds moving in opposite horizontal directions sep- 
arated by short vertical distances. Observed vertical 
wind shears averaging a greater maximum than 50 
m/sec/km are not particularly concentrated at any 
height. 

The literature contains many photographs and 
reports of long persistent meteor trails, showing in 
every case large amounts of relative movement. An 
excellent example is afforded by the artificial sodium 
trail created during a rocket flight (Edwards, Bed- 
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inger, and Manring, 1955). A photograph of th 
trail shows extensive shear distortion, and a complet, 
reversal of wind direction was observed between th 
85 and 110 km levels. These observations constitu 
convincing evidence that the motions are indeo 
true winds in the lower ionosphere. Other evideny 
is the motion of noctilucent clouds and airglow ¢elk 
(Ludlam, 1957, and Roach, et al., 1958) discusse 
below. 


4.2. Theoretical Aspects of Turbulence 


The implications of the existence of turbuleng 
and/or winds in the lower ionosphere have bee 
studied because of the large influence they have o 
radio propagation. Herlofson (1951) pointed ou 
that plasma resonances similar to those predicte( 
for meteor trails could be expected for any smal 
ionospheric irregularity. As a direct consequence 
single-ray fading from this cause should be mor 
important near the critical reflection level, and one 
should be able to identify a change of reflection level 
with a consequent change in fading characteristic 
by changing the probing frequency. As an exten. 
sion, partial reflections from irregularities would be 
expected to show rapidly varying fading character 
istics near the plasma resonances of the irregular. 
ties as the frequency is changed. (See the discussioi 
of I. L. Jones (1958) above.) Polarization of the 
reflected wave could perhaps be examined to detect 
elongated field-alined irregularities. 

In a paper by Maxwell (1954) turbulence in the 
F-region is primarily dealt with, but the autho 
makes the statement that “the H-region will ir- 
variably be turbulent” with a microscale (small eddy 
size) of 10 m. 

Gallet in two papers (1951 and 1955) develops i 
theory using the physical variables in a turbulent 
region to explain some of the radio reflective proper- 
ties of the #-region, first as an explanation for the 
sporadic-# reflections, and then for some of the 
lower ionospheric phenomena. In a model region, 
vertical transport of eddies or “blobs” of air changes 
their pressure, density, and temperature. The cor 
trast in electron density presented by a blob against 
the background of its new location is a function o 
two sets of circumstances. First, how different its 
electron density was before it was moved with respect 
to the surrounding electron density of the new loc: 
tion, and secondly, how different a volume appears 
to be to the exploring radio wave due only to the 
changes of pressure, density, and temperature with 
height. The first situation is obviously of maximus 
effect near a sharp electron density gradient or, 1! 
the case of a single layer, above and below the max: 
mum. The second situation requires no gradienl 
of the average electron density, and therefore re 
quires no layer; and the position of maximum cot- 
trast would be entirely a function of the localizations, 
if any, of the turbulence characteristics. Ina pplica-/ 
tion, these two mechanisms could give maxima 4 
different levels, recalling the question of the interpre 
tation of split echoes from the lower ionosphere. 
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The idea of turbulence due to ionospheric wind 
motions has become a very useful one in attempting 
explain many ionospheric phenomena that have 
been known, but seldom studied. Booker (1956) 
has listed many phenomena that he considers can 
be explained by turbulence in the ionosphere, in- 
cluding fading of single rays, the distortion of meteor 
trails, D-region echoes and VHF forward scatter. 
Booker conjectures that the latter two are caused 
by the same irregularities. (See Gregory (1957) and 
Bowles (1958).) 

As an example of an interesting application of the 
gradient mixing type of turbulence theory (see 
Gallet above), Wheelon (1957) has tried a model 
of the lower ionosphere which might explain the 
VHF forward scatter observations, particularly the 
diurnal variations, as described by Bailey, et al. 
(1955) and Pineo (1956). The model starts with 
a very steep gradient of ionization at 70 km of 2,300 
electrons/em*/km to provide the observed daytime 
field strength, and includes another rise between 75 
and 88 km to account for the nighttime residual 
signal after the 70-km daytime component has 
decayed. 

The existence of winds and turbulence in the 
lower ionosphere may provide a coupling link be- 
tween that region and the next lower region. As an 
example of the type of meteorological work which 
may eventually establish a link between the two, the 
paper by Fleagle (1958) is of interest. 


5. Survey of Meteor Height Results 


Extensive studies of meteors entering the earth’s 
atmosphere have been made by visual, photographic 
and radio echo methods, particuiarly in the last 
decade. This work gives information relevant to 
the present inquiry in the fields of meteor ionization 
height, and the influence of fine meteoric dust. 

Many papers report studies of the height of occur- 
renee of the light and the ionization from meteor 
trails. The mean height of maximum ionization of 
visual size meteors is close to 95 km (Hey and 
Stewart, 1947; Millman and McKinley, 1949). Anal- 
yses of both visual observations, given by Porter 
(1944), Prentice (1948). and others, for the beginning 
and end heights; and of radar echoes given by Evans 
(1954) and others for the height of maximum ioniza- 
tion, show that these are clear functions of meteor- 
velocity. The height of maximum ionization for the 
smallest detectable meteors falls from 105 to 85 km 
as the incident meteor velocity decreases from 60 to 
20 km/sec. 

The effect of initial meteor size on the height of 
maximum ionization is mucn less marked than the 
velocity effect. Prentice, recording visual results, 
finds that large meteois extend over a greater height 
range than small meteors, but Millman (1957), ob- 
serving radar echoes in Canada, finds no mean vari- 
ation in height between meteor magnitudes of —6 
and +4. From this Millman concludes that the 
atmosphere is the controlling factor in determining 
the height of maximum ionization. This result 





agrees with the work of McKinley and Millman 
(1949) who, on the basis of a considerable body of 
radar echo observations, conclude that the 90- to 
100-km region has fine structure, or localized regions 
which prolong the existence of meteoric ionization at 
specific heights. As a result of further analysis, 
Millman (1957) reports the possible occurrence of 
peaks of ionization at 92, 98, and 106 km. 

Herlofson (1948), however, deduced theoretically 
that the atmospheric pressure at the point of maxi- 
mum luminosity of a meteor is directly proportional 
to its pre-atmospheric radius. Since pressure is a 
simple function of height, this work implies that 
smaller meteors create their maximum ionization at 
a greater height. This conclusion is supported theo- 
retically by Kaiser (1953), who places the maximum 
ionization effect of small meteors at heights between 
130 and 115 km. 

There is obviously a discrepancy between the 
smooth transition to greater heights with decreasing 
meteor size predicted theoretically, and the height 
independence of size, and the stratification, observed 
by the Canadian workers. However, it can at least 
be concluded that practically all significant meteoric 
ionization produced by large to near micrometeoric 
size particles, appears well above the mesopause 
height of 82 km, and well clear of the ionospheric 
stratification observed by Gregory at still lower 
heights. 

Micrometeorités have been shown by Whipple 
(1952) to be so small that they are capable of de- 
celeration to zero velocity by the drag of the earth’s 
atmosphere, without ablation occurring. Ablation 
was necessary in Herlofson’s model for the produc- 
tion of ionization. Consequently micrometeorites 
were disregarded as a source of ionization until 
Dubin (1955) produced evidence that highly velocity- 
sensitive ionization could be produced without abla- 
tion. The number of such particles is great, and on 
extrapolation from the Herlofson and Kaiser theories 
such ionization, if produced, should occur at still 
greater heights than that produced by the smallest 
ablating meteors. (Dubin has assumed, without 
justification, that the micrometeorite effect occurs 
at the height of sporadic £.) 

On this basis Gregory has assumed, along with 
others before him, such as Deb (1940) and Paton 
(1951), that meteoric dust residues, and presumably 
also micrometeorites, would drift down to and con- 
centrate at the temperature inversion level at about 
82 km. There, the mechanism of photoionization of 
dust particles by solar radiation, suggested by 
Eckersley in 1948, might give rise to further ioniza- 
tion during the daylight hours. 

The subject, however, is now further complicated 
by the recent analysis of Opik (1958), who concludes 
that micrometeorites reach directly to, and have 
their maximum temperature in the region 70 to 
90 km. If Dubin’s suggestion—by analogy with 
shock-tube experiments—that such neutral particles 
can indeed produce appreciable ionization by velocity 
alone, is accepted, then a new source of low-level 
ionization is apparent. Further experimental work 


123 








on the variation of the height of maximum meteor 
ionization with decreasing particle size is clearly 
required. 

Evans (1955) in the northern hemisphere, and 
Weiss (1955) in the southern hemisphere, find no 
seasonal effect in the height of meteoric ionization. 


6. Summary of Optical Results Giving 
Height Information 


Observations of scattering of the sun’s rays by the 
atmosphere at twilight give evidence of discontinuities 
in the lower ionosphere. Even at night the sky is 
not without light, but always has a faint glow. In 
the past 5 years the heights of emission of various 
spectral lines in the airglow have been determined 
with increasing certainty. On occasion noctilucent 
clouds are also visible at great heights. These 
optical phenomena have given, with great consistency, 
a height of 82 to 85 km. 


6.1. Noctilucent Clouds 


As early as 1934 Hoffmeister attempted to relate 
the occurrence of luminous bands in the night sky 
with ionospheric variations by assuming that both 
variations were due to sudden invasions of meteoric 
dust. 

Paton (1951), reporting on true noctilucent 
clouds, considered that they were usually blue, 
indicating very small particle size, but that some 
portions had been known to turn white. This 
change was attributed to particle growth by con- 
densation of water vapor on meteoric dust. A very 
comprehensive survey of all available information 
on noctilucent clouds was given by Ludlam in 1957. 
The spread in height was between 79 and 90 km, 
with the mean of 179 observations at 82.1 km. The 
particle size was in general too large to give a blue 
cloud by Rayleigh scattering. The temperature 
minimum at the inversion height, where the clouds 
are found, was considered to be too high to allow 
condensation of water vapor at the prevailing air 
pressure unless a very abnormal humidity condition 
was postulated. Once again, therefore, the material 
was considered to be dust. The specific height is 
attributed to solid material falling from above 82 
km due to gravity, or rising from below the temper- 
ature inversion due to reradiation of solar energy 
to the surrounding air, with consequent upward 
movement of both air and particle. Noctilucent 
clouds have a considerable directed horizontal drift 
speed. 


6.2. Scattered Sunlight 


At dawn the sun progressively illuminates lower 
regions of the ionosphere, or the converse at dusk, 
while the earth remains in darkness. Two tech- 
niques have been used to observe the ionosphere at 
these times. 

The first, giving surprising results, was carried 
out by Khvostikov and Sevcenko as long ago as 
1936 in the Caucasus. Basically, their assumption 





was that a strongly ionized gas would affect the 
polarization of the diffused light, and that at any 
given moment at dusk the greater part of the diffused 
light proceeds from a relatively thin region. The 
polarization of the diffused light from the zenith 
was measured continuously, at 3,000 m above seq 
level, and discontinuities in the degree of polariza- 
tion versus height observed. Due to unfavorable 
weather conditions, only seven curves were obtained, 
but these are just enough to indicate that similar 
heights were observed on different days. Five 
morning curves show heights of 95 and 135 km, and 
two evening curves indicate heights of 80, 115, and 
150 km. (These results were obtained before the 
E-region was considered to be other than a single 
layer.) 

The higher morning values were attributed to 
nighttime recombination. The results, admittedly, 
are no more than an indication of a method, but the 
technique does not appear to have been used since 
1936. The method is quite simple, and in a suitable 
locality may well be worth further study, par- 
ticularly as it can reveal small maxima of electron 
concentration above a larger maximum. 

The second technique, due to Bigg in 1956, in- 
volves direct twilight scattering. He was able to 
show a small maximum in the scattered light at 81.1 
+5 km, and assumes it is due to a meteoric dust layer, 


6.3. Airglow 


The night sky radiates a weak continuum, together 
with a number of emission bands. In addition cer- 
tain lines, especially of sodium, show a more promi- 
nent emission at twilight. The airglow, excluding 
the sodium and calcium twilight emission, will first 
be considered. 

Many early results on the height of the airglow 
have been rendered obsolete by the work of Bates 
and Dalgarno (1953), who show that most mecha- 
nisms can only apply below 100 km; together witha 
fuller recognition of the experimental difficulties in 
this work, and the necessity to eliminate all light of 
astronomical origin. 

Most work has been done on the green OI radiation 
of wavelength 5577 A, in the airglow. In 1955, St. 
Amand, Pettit, Roach, and Williams were able, by 
triangulation, to place the height at 80 to 199 km. 
In the same year Roach and Meinel listed the spread 
in heights of several airglow components. Each of 
the components occupied a different height zone, and 
the green OT line was found between 62 and 104 km. 
Elsasser and Siedentopf, in 1956, place the green Ol 
line at 90 £10 km, and Roach, Megill, Rees, and 
Marovich (1958) at about 100 km, agreeing reason- 
ably with a rocket flight in 1956 (Berg et al.) where 
the peak luminosity was found at 90 to 95 km, and 
another flight in 1958 (Heppner and Meredith) where 
the radiation was observed only between 90 and 118 
km, with a sharp lower boundary. 
Pettit (1956) find variations of the height with night 
and season, so that definite heights—using_ the 
accepted Van Rhyn method of reduction—are not 
possible at present. 
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Night NaD was found by Roach and Meinel 
between 108 and 129 km. This fairly wide spread 
js to some extent reinforced by Heppner and Mere- 
dith’s rocket flight, where NaD was found primarily 
between 85 and 110 km, with a maximum at 93, but 
with a tail-off in distribution extending into the 130 
to 150 km region. 

In two papers Roach, Tandberg-Hansen, and 
Megill (1958 a, b) have reemphasized that the night 
airglow as seen by the green OI radiation is not uni- 
form in its distribution, but is concentrated in cells 
or patches whose characteristic size is approximately 
2500 km in horizonta] extent. During the period 
October-December 1956 the cells seemed to move, 
usually from north to south with a mean speed of 
about 100 m/sec. The authors, in the second paper, 
have decided that the apparent motion is due to 
actual transport of particles carried along by large- 
scale wind movements, and point out that the com- 
posite picture is generally similar to vortex cells in 
the troposphere. For a phenomenological description 
of the night airglow, including historical background, 
see Roach (1959). 


6.4. Sodium and Calcium at Twilight 


Hunten and Shepherd (1954) find a maximum 
sodium density at 85 + 3 km, with an exponential 
decrease above and below this height. Hunten, in 
the following year, surveying two years’ results on 
the height of maximum density of the sodium, found 
that the height remained constant within 1 or 2 km 
of 84.5 km, but that the intensity varies seasonally, 
and concluded from this that there may be transport 
of neutral sodium from polar regions in winter. 
Finally the work of Chamberlain, Hunten, and Mack 
(1958) supports the view that twilight emission is a 
resonance scattering effect, rather than a dissociation 
brought about by ultraviolet light. It is possible 
that the sodium travels up through the whole atmos- 
phere from sea level. A latitude effect also exists. 
Correlation of abundance changes with the passage 
of meteor streams may yet be observed, but until 
it is there is no necessity to invoke a meteor origin 
for the sodium. 

A. V. Jones (1956 and 1958), however, has observed 
with certainty twilight emission from ionized cal- 
cium, possibly correlating with meteor activity, par- 
ticularly during the August Perseid shower. There 
Is some evidence that the emission is concentrated in 
the 100- to 120-km region. ‘This height happens to 
agree with the value calculated by Kaiser for maxi- 
mum integrated meteor ionization, and the height of 
100 to 110 km for the maximum of the night glow 
continuum determined by a rocket observation 
(Heppner and Meredith). 

_No author appears as yet to have given an explana- 
tion for the appreciably greater height of night 
sodium than the twilight sodium glow. As both 
sodium and calcium are constituents of meteors, 
identification of intensity variations in the night so- 
dium—or even possibly in the twilight glow at lower 
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height—may yet be found to be a function of meteor 
activity, similar to the calcium activity. 

Heavy atomic ions, such as calcium, may also be 
introduced into the atmosphere following solar flares 
(Bailey 1957), and this could both complicate the 
variability of the twilight glow, and provide a 
temporary source of extra ionizat‘on. 


7. Photoemissive Processes 


The literature abounds with explanations of the 
production of free electrons by the interaction of 
selected solar radiations with specific upper atmos- 
phere constituents. In conjunction with other theo- 
ries explaining various recombination processes, these 
lead to the desired equilibrium concentrations of free 
electrons at specific heights. The field of study is an 
extremely difficult one, requiring as it does a com- 
bination of detailed knowledge of atomic processes, of 
the flux of incoming solar radiation, and of the exact 
components and physical conditions in the upper 


| atmosphere. Many of these explanations have sub- 


sequently been disproved, and a new discovery, such 
as the existence of appreciable quantities of solar 
X-radiation, entirely altered the position. In view 
of this prevailing uncertainty, only brief mention will 
be made here of some recent views of electron pro- 
duction and decay in the lower ionosphere. 
Chapman’s theoretical treatment (1931) of the 
ionizing effect of monochromatic radiations of known 
intensity on particular atom species in an idealized 
atmosphere is still basic to most theories. 


7.1. E-Region| 


Ionization at a true height of about 130 km was 
for some years considered to be due to photoioniza- 
tion of atomic oxygen by ultraviolet radiation 
(A>910 A, Nicolet 1952). By 1954, Bates regarded 
this process as accounting for the /, layer only, and 
reintroduced the photoionization of molecular oxygen 
as the main contributor to the /; layer, at the same 
time recognizing that X-rays could be of significance. 
New data for the absorption of rad ation in the 850 
to 1100 A band by O, and Nz led Watanabe, Marmo, 
and Pressman (1955) to conclude that Lyman 6 
could ionize O.. Bates was thus supported, and the 
ultraviolet ionization of O. was not entirely rejected 
in favour of the newer X-ray theory of £, origin. 
By 1956, however, Bates had concluded that X-rays 
of about 40 A were mainly responsible for the 
E-region, and the theories of ultraviolet ionization 
of atomic oxygen, together with the longer wave- 
length X-ray react’ons, were transferred to the F;, 
and F, regions. 


7.2. D-Region 


A somewhat greater uniformity prevails in theories 
of the origin of the D-region. In 1945, Nicolet 
suggester. that the causitive agent was the photo- 
ionization of nitric oxide, according to NO-+hy 
(>9.5eV)-NOt-+e by Lyman a radiation (\ 1216 A) 
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which is able to penetrate the atmosphere to a 
height of 70 km. 

A considerably increased value for the ionization 
cross section of NO, obtained by Watanabe, Marmo, 
and Inn (1953), reinforced Nicolet’s original sugges- 
tion. Nicolet (1954) arrived at the specific conclu- 
sion that the Lyman a photoionization of a concen- 
tration of NO of up to 108 molecules/em’* caused 
the i -region at a height of less than 80 km. 

A model of the D-region using this reaction was 
next proposed by Mitra (1954), with an assumed 
NO distribution, and a maximum NO concentration 
approaching 210” molecules/cm® at 85 to 95 km. 
A further assumption of a recombination model was 
necessary to give an electron distribution in agree- 
ment with that deduced from certain radio observa- 
tions. Direct rocket measurements (discussed by 
Bates, 1956) give a relative volume abundance of 
NO of < 2X10‘. If the tota: atmospheric con- 
centration of all atom species is taken as 8 10"*/em® 
at 90 km, the NO concentration would be <4 10°/ 
em.’ The corresponding figures at 80 km are of 
the order 4.8X10"*/em’ and hence < 2.4 10!°/em? 
for NO. Thus the concentration proposed by 
Mitra is clearly greater than observed, but Nicolet’s 
figures remain feasible. Rocket observations (Fried- 
man and Chubb 1955) confirm the presence of 
Lyman a in the D-region, with solar X-rays con- 
tributing to the upper part. 

Finally, Nicolet (1954) has introduced atmospheric 
motions, causing fluctuations in NO concentration, 
to account for the variations in the D-region ioniza- 
tion 


7.3. Sudden Ionospheric Disturbances 


Various radio methods have ‘ong shown with 
clarity a sudden increase in ionization at very low 
heights, down to 64 km, during a solar flare. As an 
example, Gregory (1958 b) presented an analysis of 
the effect of SID’s on 1.75 me reflections. In 7 
cases out of 18 all echoes vanished during the dis- 
turbance; in 11 cases one height only (56 to 65 km) 
remained, and in 9 of these 11 this remaining height 
had not been present prior to the disturbance. He 
concludes that the occasional disappearance of all 
echoes indicates that absorption without reflection 
has been produced below 56 km. 

It remained for rocket flights to confirm the 
increase in Lyman a and X-rays during such times 
as postulated by Bates and Massey (1951) and 
Piddington (1951). enhanced Lyman a intensity 
and X-radiation ~ 2 A have now been observed 
down to the 60 to 70 km region in a typical flare 
(Friedman and Chubb, 1955; Chubb et al. 1957). 
These observations lend support to the importance 
of both Lyman a and X-rays as normal ionizing 
agents in the lower ionosphere. 


7.4. Recombination 


The equilibrium electron concentration is also 
a function of the recombination rate. In this field 
theories do not as yet provide conclusive explana- 
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tions. Direct (radiative) recombination, expressed 
in the simple equation (dN/(dt)=q—aN?’ where N 
is the electron concentration, and g and a the ef. 
fective rates of electron production and recombina- 
tion respectively, does not agree with the observed 
rates of electron density change. The exponent 2, 
commonly used, is open to question (Rawer, 1956), 
Negative ions may play an important part below 
80 km (Mitra and Jones, 1954), and much patient 
unraveling will be required to give a picture con- 
sistent with observed electron concentration values 
in the lower ionosphere. 


8. Discussion of Survey Papers Dealing 
With the Lower Ionosphere ' 


1. Bracewell et al. (1951), The Ionospheric Propa- 
gation of Low and Very Low Frequency Radio Waves 
Over Distances Less than 1,000 km. This paper 
contains 54 references. Observed reflection heights 
are tabulated. One paragraph (5.2) discusses the 
evidence for multiple strata observed at 70 and 113 ke 

2. Mitra (1951), The D Layer of the Ionosphere. 
In part I the author gives a résumé of the present 
state of knowledge concerning the D-layer, and in 
Part II speculates on the origin and structure of 
the region. 

3. Kitchen, Pressey, and Tremellen (1953), A 
Review of Present Knowledge of the Ionospheric 
Propagation of Very Low, Low, and Medium Fre- 
quency Waves. Some sferics work is included, and 
recommendations are made for further detailed 
research. 

4. Briggs and Spencer (1954), Horizontal Move- 
ments in the Ionosphere. A survey of results ob- 
tained by radio methods. The authors decide that 
there are both irregular and systematic (diurnal and 
seasonal) horizontal movements at all ionospheric 
levels, and that there is a tendency for velocity to 
increase with height. Also, the velocities increase 
with magnetic disturbance, especially at the higher 
heights. The paper ends with a summary of non- 
radio methods. 

5. Weekes (1954), The Physical State of the 
Upper Atmosphere. The author starts with a gen- 
eral discussion of the problems and then discusses the 
following specific fields: 

Composition, temperature and pressure of the 
atmosphere at different levels, results of rocket 
measurement of those quantities, measurements of 
wind and turbulence, and transport of ionization 
in the upper atmosphere. Many references are 
given. 

6. Waynick (1955), The Lowest Ionosphere. The 
main properties of the region are surveyed, with the 
conclusion that most of the experimental evidence 
is in favor of at least one D-layer below E-region, 
with possibie additional stratification of one form 
or another. 
sources is given showing the variation of recombina- 
tion coefficient with height. 


° Material in the following papers has been included, where applicable, in the 
general text. 
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7. Murgatroyd (1957), Winds and Temperatures 
between 20 km and 100 km—a Review. The 
author states that the measurement of winds is 
a more reliable way of calculating temperatures in 
the upper atmosphere than vice versa. He proposes 
a standard atmosphere to 100 km based almost 
entirely on wind measurements, which is applicable 
between 30° and 60° latitudes. Before much 
progress in the study of turbulence can be made, a 
knowledge of the wind structure in considerably 
greater detail is necessary. In addition, measure- 
ment of atmospheric composition, including ozone 
and water vapor at all possible levels, is necessary 
to allow studies of the radiation of heat energy. 


9. Tables of Observed Heights 


In an endeavor to determine whether any pattern 
of heights exists, all the relevant experimental results 
so far discussed have been collected in tables 1 and 
2, with the exception of lowered heights recorded 
during solar flares. 

The results given in table 2 reveal two facts. 
First, while a definite height may be obtained for a 
specific process, different classes of phenomena show 
their maxima at different heights. Secondly, some 
weak grouping of events in height ranges may be 
discerned. During the daytime three, or possibly 
four height groups contain the major proportion of 
the results. These are the belts 67 to 75, 80 to 90, 
95 to 97, and possibly 110 to 113 km. At night only 
the two center groups remain, namely 80 to 87, and 
asomewhat wider 92 to 98. 

The only nighttime results below 80 km are 
Rivault’s sferics observations, giving a mean height 
of 75 km; and frequent vertical pulse echoes in 
winter down to 75 km obtained by Gregory. Rivault 
reports a lowering to 70 km during magnetic storms, 
and it may well be that Gregory’s low height night 
results, including especially one observation at 67 
km, are due to a similar cause. 


10. Characteristics of an Acceptable Model 
of the Lower Ionosphere 


As an outcome of the experimental data assembled 
above, it becomes possible to specify with reasonable 
certainty a number of conditions which must be met 
by any model purporting to explain the lower 
lonospheric radio observations. These character- 
istics are as follows: 


(a) Probably the most consistent feature is the 
presence, night and day, of a reflection height of 
about 85 km at temperate latitudes. This height is 
roughly the same for all vertical incidence measure- 
ments from very low, through medium, to very high 





frequencies. The height appears to be associated 
with the temperature minimum (mesopause), and is 
the same height at which sharp maxima are found for 
the twilight NaD radiation, the occurrence of nocti- 
lucent clouds, and the twilight scattering of sunlight 
from dust. 











(b) Notwithstanding (a), the effective reflection 
height calculated from oblique incidence results 
appears to fall considerably with increasing range 
at very low to medium frequencies. 

(c) Reflections at vertical incidence for medium 
frequencies and above are usually weak and hardly 
ever blanketing. 

(d) On a sweep-frequency record, retardation 
cusps are not apparent on progressing from one 
reflection level to the next one above. 

(e) Reflections from the region should not be 
polarized according to either magnetoionic com- 
ponent alone, but should have polarization cor- 
sponding to a mixture of the two. 

(f) Several reflection heights usually occur simul- 
taneously. 

(g) The individual heights below the 85-km region 
can remain constant for periods of many hours, but 
may be different on different days. Observation of 
the lowest heights in the region requires a very large 
system sensitivity. 

(hk) Heights below 80 km are usually observed in 
the daytime only, and most often in the winter. 
Winter days of unusually low recorded heights occur 
in groups of several consecutive days. 

(i) All reflections exhibit fading. The fading rate 
should also increase with increasing magnetic dis- 
turbance. 

(7) During some SID’s a new reflection height, 
lower than those previously seen, should be ob- 
served at medium frequencies, together with a 
weakening or complete disappearance of the signals 
from greater heights. 


11. Model A 


The observations showing the tendency for wind 
shears to exist in the lower ionosphere suggest that 
the discrete heights observed by radio reflection 
may be explained entirely by scatter from the turbu- 
lence thus produced. As discussed by Gallet (1951 
and 1955) and Wheelon (1957), turbulent regions 
may become visible to radio waves when a gradient 
of ambient ionization is also present. Therefore 
the following model is proposed: 

(a) The air is especially turbulent at certain alti- 
tudes. The altitudes are not specified, but there 
must be several and they must have the diurnal and 
seasonal variations compatible with the experi- 
mental evidence. 

(b) A rather simple profile of ambient electron 
density versus altitude is assumed to occupy the 
whole region, having diurnal and seasonal variations 
due to radiation from the sun, and also showing 
occasional distortion due to solar eruptions. A 
possible arrangement is shown diagrammatically in 
figure 1. 

The shaded areas are intended to represent the 
height, thickness, and (by their length) intensity 
of the turbulent regions. The regions will be most 
readily “visible” in the radio sense when there is a 
sufficient gradient of the ambient electron density— 
as given by the slope of the profiles—n these regions. 
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The gradient must be dynamically stable, or the 
turbulence will, in time, destroy it. 

Three electron density profiles, A. B, and C, are 
shown. Using A, the results of a normal day might 
be expected—reflections from several levels, of 
increasing gradient, and hence of increasing echo 
strength, with height. Profile B contains no elec- 
trons at the lower levels, corresponding to the dis- 
appearance of the lowest echoes at night. Profile 
C has a bulge below 80 km and might correspond to 
conditions during an SID, when the lowest reflection 
levels are enhanced and the other reflections weak- 
ened by increased absorption and the changes in 
slope along the profile. 
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Figure 1. Model of lower ionosphere showing strata of turbu- 
lence in relation to ambient electron density profiles. 


Arrows indicate regions of maximum turbulence. 


It is suggested that this model is capable of fitting 
the experimental facts, at least qualitatively, as 
follows: 


(a) Reflection heights at vertical incidence will 
be the same at all frequencies above the critical 
frequency for the ambient electron density at the 
reflection level. This is due entirely to the localiza- 
tion of the turbulent regions 

(6) 'The lowest observable reflection height as 
determined by (a) will vary with the angle of inci- 
dence, since the lowest regions present more oblique 
aspects to the wave. Thus with increasing one-hop 
distances lower height echoes will gradual y appear. 

(c) At vertical incidence reflection will be partial 
at frequencies above the critical frequency for the 
reflection level. Plasma resonances due to the 
irregularities (see Herlofson 1951) may be observed 
near the critical frequency. 

(d) On a sweep frequency exploration, the levels 
will be penetrated without retardation, provided 
penetration occurs well above the critical frequency 
of the reflection level. 

(e) The reflected wave will not be split into ordi- 
nary and extraordinary components because of the 
absence of selective retardation (see (d) above). 

(f) All reflection will fade, showing little or no 
specular component. The rate of fading will be a 
function of the meteorology of the region of re- 
flection. 

(g) Lowest heights are a function of both the 
turbulence and the ambient electron profiles. Be- 
cause of this dual character, echo levels and intensi- 
ties may vary from day to day. 


This model can thus explain the radio observa- 
tions of reflection heights at discrete levels without 
requiring extremely sharp gradients of the average 
electron density. It does not preclude the appear- 
ance of discrete reflections from real strata of ioni- 
zation. 
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12. Model B 


An alternative model might be constructed on the 
assumption of multiple Chapman processes. In 
this connection a model of the D- and E-regions 
calculated by Houston (1958), after a quantitative 
reappraisal of the ionizing radiations and the atmos- 
pheric constituents involved, is of interest. The 
only significant cause of the D-region was found to 
be the action of Lyman a radiation on NO, and it 
is probably coincidental that the computed ioniza- 
tion maximum at solar zenith was 83 km, in agree- 
ment with other mesopause phenomena. 

Solar energies, particularly in the 100- to 1000-A 
region, are still largely unknown and the possibility 
of significant new processes being found cannot 
yet be ruled out. An attempt to include this portion 
of the spectrum has been made by Kallman (1957), 
who deduces therefrom a total distribution curve 
commencing at 88 km and rising smoothly to 105 
km. Again, as is shown by the night OI airglow 
radiation, processes not directly involving ioniza- 
tion occur at fairly specific heights. Such processes 
may play an indirect part in daytime ionization 
control. Further, the resultant distribution even 
for a single layer may be far from a Chapman type 
due to variations in absorption of the band of wave- 
lengths producing a particular photochemical re- 
action. Recent rocket studies, however, have led 
to a clarification of processes, and new discoveries 
are becoming less likely, especially at low heights. 
No model as yet shows any sign of multiple strata 
below 89) km. 

A strong argument in favor of a photoemissive 
origin of such layers is the production of ionization 
at 64 km during a solar flare. Increased X-radiation 
causes this effect, so a smaller amount of radiation 
at this or slightly higher heights, while producing a 
smaller effect, should still be detectable with high 
system sensitivities. Even model A requires that 
the SID effect be of photoemissive origin. 

Again, any layer under solar control should exhibit 
a considerable height change during the day due to 
Ft (x) in the Chapman equation, where x is the solar 
zenith distance. This is clearly shown in Houston’s 
model, where the height of the maximum D-ioniza- 
tion rises from 83 to 100 km as x changes from 
vertical to horizontal incidence. Diurnal height 
changes have been found at 16 ke (Straker, 1955), 
and the height of the lowest partial echo at MF 
shows a similar change (Gardner and Pawsey). It 
is possible that diurnal variations in the height of a 
single low stratum have not yet been closely looked 
for, but one point is quite clear. The electron con- 
centrations, of the order of 1,000/cm? or less, are far 
below the critical density required for classical MF 
or higher frequency reflections, and the phenomenon 
at those frequencies must be some form of scattering 
process. 

Very sharp electron gradients can cause MF re- 
flections, but the gradient values required are un- 
likely to be produced by solar effects alone. The 
simultaneous occurrence of several low strata, which 





have recently been observed in Germany, Australia, 
United States, New Zealand, and Antarctica, are 
surprisingly constant in height with time if the visual 
meteor trail turbulence observations of Liller and 
Whipple are accepted. The opposite case for strati- 
fied turbulence, however, appears from various radio 
echo experiments (sec. 4.1(a)). Consequently no firm 
conclusion can as yet be reached on the significance of 
photoemissive processes in the very lew ionosphere, 


13. Conclusions and Recommendations for 


Further Work 


The authors conclude that the lower ionosphere 
exhibits the property of stratification as evidenced 
by all the available experimental results at medium 
and higher radiofrequencies. The fact that the 
properties of the region affecting low and very low 
frequencies may be explained by simpler structures 
does not appear to preclude a more complex struc- 
ture, since the summation effects of long radio wave- 
lengths would be expected to conceal details having 
physical dimensions much smaller than one wave- 
length. It is suggested, however, that rather subtle 
anomalies of long wave propagation may exist which 
will require more detailed knowledge of the fine 
structure of the region for their interpretation. In 
this respect, observations at a single low frequency 
have probably reached the stage of diminishing re- 
turns, and finer probing, such as is given by high 
power narrow pulsed HF systems will be necessary 
to reveal further details. 

Evidence is strong for the accumulation of dust, 
and of sodium and probably calcium atoms at the 
temperature minimum at about 85 km in temperate 
latitudes. This accumulation may or may not be 
the cause of either an ionization maximum or a steep 
gradient at this height, but at least a partial reflec- 
tion at MF is always obtained, provided the sensi- 
tivity is high enough. Beyond this fact it can only 
be said that strata exist over the region 54 to 130 
km, without any obvious constancy of height or of 
height separation. There is no series of preferred 
heights. 

Any further physical explanation of the fine struc- 
ture can only be guessed at in the absence of exten- 
sive knowledge of its characteristics. It seems 
evident, out of all the material consulted, that only 
two or three experiments have given unambiguous 
information on the basic ionospheric quantities in 
the region. Acceptance of the evidence for stratifi- 
cation automatically casts doubt upon the meaning 
of the radio height results. The results from most 
pulse-type radio probing techniques in this region 
may be explained by any or all of the following: 
electron concentration maxima, electron gradients, 
or zones of turbulence. 

Direct probing by rockets is one method which 
does provide the required electron profiles. If pos- 
sible, it would be highly desirable to carry out a 
series of electron profile observations capable of 
recording the weak electron concentrations in the 
lower ionosphere, at a fixed site. If this is not 
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ossible, rockets could at least be used in conjunction 

with other cheaper experiments in an attempt to 
check the accuracy of the other methods, as has been 
done with satisfactory results for the upper iono- 
sphere in conjunction with ordinary ionosondes. 

Two nonrocket radio probing methods are reason- 
ably unambiguous. One, due to Fejer (1955), meas- 
ures Wave interaction in the ionosphere, but requires 
large radiated power. The other, by Gardner and 
Pawsey (1955) has the very interesting feature that, 
instead of the results being uncertain because of the 
presence of fine structure, the method actually re- 
quires and uses partial reflections from the region to 
deduce the electron density at various heights. To 
lend emphasis to this method, which has not been 
fully exploited in lower ionosphere studies, a brief 
description follows. 

Gardner and Pawsey found that the polarization 
of echoes returned from the D-region was elliptical, 
but with the sense of rotation of an extrordinary 
wave. This was compatible with partial reflection 
from ‘‘under-dense” clouds of ionization for a fre- 
quency above the gyrofrequency. Upon examining 
the magnetoionic formula for the refractive index 
they found that, to a good approximation, the ratio 
of ordinary to extraordinary polarization of the 
partial reflection coefficient was almost solely a func- 
tion of the collision frequency at the reflecting region. 
The differential absorption between the two com- 
ponents of the wave from a reflecting region was 
almost solely a function of the electron density at 
each element of the path below the region for a fixed 
collision frequency. Therefore, by assuming a rea- 
sonable variation of collision frequency with height, 
the effect of the partial reflection at the discontinuity 
could be removed from the resultant received wave, 
and a curve of differential absorption against height 
could be plotted by measuring the polarization of the 
received wave from all heights which returned usable 
echoes. The slope of that curve, together with the 
value of collision frequency at each point, provided 
a measure of electron density at the various heights. 

An assumption of the values of collision frequency 
was necessary, as mentioned above, but Gardner and 
Pawsey were also able to measure it near the bottom 
of the reflecting region by assuming no absorption 
had affected the shortest range echoes. The polari- 
zation measurement then represented only the ratio 
of the partial reflection coefficients which, as noted 
above, resulted in a determination of the collision 
frequency at that level. An extrapolation of this 
collision frequency to greater heights was done by 
assuming an arbitrary law of its variation. 


Specific Recommendations for Future Radio Experi- 
ments 


1. Confirmation of the accuracy of the Gardner and 
Pawsey polarization method is desirable before it is 
given extended use. This confirmation could be 
achieved by a Gardner and Pawsey experiment com- 
bined with simultaneous rocket electron profile meas- 
urements. It is very necessary to determine whether 





or not all concentration “blobs” of electrons are of 
less than critical density, particularly as Gregory at 
times obtains a high reflection coefficient which might 
indicate an over-dense condition. Such a condition 
would affect the polarization and invalidate the 
method. An alternate method of checking would be 
to duplicate the Gardner and Pawsey method at two 
reasonably close frequencies both a little above the 
gyrofrequency. If the same profile is obtained at the 
two frequencies, then the electron density of the 
scattering blobs must be considerably below the 
critical density. 

2. Asingle MF vertical pulse equipment should be 
run continuously—without any inserted attenua- 
tion—through the dawn, daytime and dusk period 
to look for any systematic height change associated 
with a specific stratum. This should give evidence 
bearing on the photoemissive origin or otherwise of 
the reflective region. 

3. The synoptic behavior of all the lower strata 
is virtually an unexplored field. Since VHF forward 
scatter communication has been shown to be directly 
related to these strata, seasonal and geographic 
studies are necessary to allow the optimum design 
of forward scatter aerials. 

4. The resolution of the height and width of strata 
by vertical pulse techniques is dependent on the 
aerial beam width. It would be desirable either 
to alter a beam width, or to use two experiments 
together—say 2 and 40 Mc—with considerably differ- 
ent beam widths, to determine the extent of range 
spread introduced by off-vertical directions. Once 
this had been determined, experiments could then 
be designed to examine particular heights for hori- 
zontal motion at low heights, and to investigate the 
relationship between turbulence and height. 

5. Further studies are required of the apparent 
lowering of strata heights during magnetically dis- 
turbed periods. Again rocket flights at such a 
period, together with quict period control flights, 
should reinforce the vertical pulse techniques in 
determining the electron profiles at such times. 

6. It would appear that the 95-km lower E-ledge 
is created by the action of Lyman £ radiation on 
O, (Houston 1958), and the 83-km region is attributed 
to Lyman a. If it is assumed that the intensities 
of both solar radiations change together, then some 
parallelism should be evident in the behavior of the 
two regions. Parallelism of behavior of any lower 
region with the 95-km daytime region would be 
evidence favoring a photoemissive origin of the 
lower region. 
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Effect of Small Irregularities on the Constitutive 
Relations for the Ionosphere 
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Irregularities in the ionosphere which are small compared with one wavelength may 
modify the constitutive relations, and hence, may affect the refractive indices for electro- 
magnetic waves. The modifications are in some ways similar to those which would be 
introduced into the Appleton-Hartree formula by a Lorentz force. The theory is given 
first for the case when the irregularities extend only in one dimension, and it is found that 
even in a loss-free medium the refractive index now has an imaginary part which might be 
associated with loss of energy from the wave by scattering. The theory for three-dimensional 
irregularities is then discussed but is more difficult, and a method of successive approxi- 
mations is used. The results indicate that small irregularities may play an important part 
in the propagation of very-low-frequency radio waves in the ionosphere. In particular, 
they may explain why ‘‘whistlers’” are observed only on comparatively rare occasions. 


1. Introduction 


In one method of deriving the formulas of the magneto-ionic theory [1],? the ionized 
medium is assumed to have an electric polarization P which is related to the electric field E 
through a set of equations called the ‘‘constitutive relations.”” By using Maxwell’s equations 
together with the constitutive relations, the Appleton-Hartree formula for the refractive index 
may be deduced. The vector P is given by: 


P=WNer (1) 


where JN is the number of electrons per unit volume, e is the charge on one electron, and r is 
the average displacement of an electron from its mean position. P is thus defined by taking 
an average over a volume large enough to contain many electrons. When used in Maxwell’s 
equations it is assumed to represent a vector field, continuously distributed in space, and 
approximately constant over distances which are small compared to a wavelenth. There 
would be no meaning in speaking of the value of P at a specific point in the free space between 
the electrons. The use of Maxwell’s equations implies a ‘‘smoothing out” process over a 
distance which must be large compared with N~'”. 

There is now much evidence to show that the ionosphere is an irregular medium, so that 
the electron-number density N varies from place to place. The effect of these irregularities on 
the propagation of waves through the medium may be treated by considering the energy scat- 
tered from them, or by studying their effect on the refraction and diffraction of the waves. In 
the present paper, an alternative method is suggested for studying this problem in the special 
case when the irregularities are very small compared with one wavelength. The electric field E 
and the polarization P depend on the electron-number density N and vary from place to place 
because N varies, but it is possible to find their average values, E, and Po, by a “smoothing out” 
process similar to that already mentioned. It is the average values which must be used in 
Maxwell’s equations; and, in order to find the refractive index, it is necessary to know how Py 
depends on E). A new set of constitutive relations is therefore required giving P, in terms of Ep, 


1 Cavendish Laboratory, Cambridge, England. This work was done at the National Bureau of Standards while the author was on sabbatical 
leave from Cambridge University. The work was supported by the U.S. Air Force and the Bureau, 


2 Figures in brackets indicate the literature references at the end of this paper. 
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and this is, in general, different from the more familiar relations which give P in terms of E. 
Hence, the refractive index must also be modified when small irregularities are present. The* 
purpose of the present paper is to find these modifications in some special cases. 


2. Qualitative Description of the Method 


The ionosphere is an electrically neutral medium, and it is assumed that the number of 
heavy positive ions per unit volume is the same as the number of electrons, N. Variations in NV 
from place to place, therefore, occur equally for electrons and positive ions. They are assumed 
to be statistically stationary, and the average value of N over a very large region is Nj. 

Suppose that a uniform electric field, E, is applied to the ionosphere. If E varies harmoni- 
cally in time, the electron displacements also vary harmonically with the same frequency, and 
at any one instant all the electrons are displaced the same distance, r, from their mean positions 
The positive ions are assumed to be so heavy that they do not move. Let xr be distance meas- 
ured in the direction of E, and suppose that N varies with z as shown in figure 1. When the 
electrons are displaced, the effect is to introduce some space charge, which is negative where N 
is decreasing in the direction of r, and positive where it is increasing. The first effect of the 
space charge is to introduce an additional electric field, AE, whose average value is zero as long 
as the electrons are all displaced by the same amount. To a first approximation, therefore, the 
average value, E), of the electric field is just the original field E, and the average value of the 
polarization is Pp=Ner. In this case, Py and E, are related by the same constitutive relations 
as for a homogeneous ionosphere. This results from the assumption that the electron displace- 
ments r are all the same. 

The additional electric field AE exerts a force on the electrons which changes their dis- 
placements. This in turn changes the space charge distribution, which then affects AE. This 
is a second-order effect since AE is small, but it will be shown that 1t causes both E and P to 
have new average values, E, and P,, which are related in a different way from the relation 
between E and P. 
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(c) ELECTRONS DISPLACEMENTS MODIFIED 
Figure 1. When electrons are displaced in an irregular 


ionized medium, space charge appears and gives rise to 
‘electric forces which modify the displacements. 
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3. Comparison With the Lorentz Force 


When the magneto-ionic theory was first formulated, it was believed that the electric 
force on an electron in the ionosphere was made up of two parts. One part, eE, arose from the 
electric field E impressed on the medium and the other part, 1/3 Pe (rationalized units), arose 
from the polarization of the medium itself, and is called the Lorentz force. For many crystal- 
line dielectrics, a Lorentz force must certainly be included, but there is now evidence that in 
the ionosphere it should be omitted. The strongest evidence is from the theory of “whistlers”’ 
which consist of very-low-frequency waves propagated in the extensive ionized region sur- 
rounding the earth, in directions close to the lines of force of the earth’s magnetic field [5]. 
The Lorentz force would so modify the constitutive relations for the ionosphere, that these 
low-frequency waves could not be propagated. 

The modification of the constitutive relations that would be introduced by small irregulari- 
ties is similar in some ways to that which would arise from the Lorentz force. Both effects 
occur because there is a force acting on the electrons which arises from the polarization P. 
For the Lorentz force this is simply proportional to P, but for small irregularities it depends 
on both P and E. For this reason, the effect of small irregularities is more complicated than 
that of a Lorentz force, and it will be shown that the additional force on the electron may 
depend upon the state of polarization of the wave. For circularly polarized waves of very low 
frequency traveling in the direction of the earth’s magnetic field (whistlers), the effect of 
irregularities may have the same direction as the Lorentz force. This affects the dispersion 
law for these waves, and if the irregularities are large enough in amplitude, there is a lower 
limit to the frequencies that can be propagated. 


4. Definitions of E and D 


For a medium which is not free space, the electric intensity E is usually defined in terms 
of a long thin cavity. The component of E in a given direction is found as follows. A long 
thin cavity is imagined to be cut in the medium parallel to the given direction. Its length 
must be so small that the electric state of the medium does not change appreciably within it. 
For waves in a homogeneous ionosphere this means that the length is small compared to a 
wavelength. An infinitesimal test charge 6g is placed at the center of the cavity and the 
component 6F of the force acting on it in the direction of the cavity is measured. The com- 
ponent of E in this direction is 

lim 6F/éq. (1) 


6q>0 


For a medium which contains discrete ions and electrons, this definition can still be used 
provided that the cross section of the cavity is very large compared with N~'. It is the electric 
intensity so defined which is to be used in Maxwell’s equations. The cavity definition thus 
effects the “smoothing out” process mentioned in the introduction. A similar argument applies 
to the electric displacement D which is defined in terms of the force normal to the plane of a 
flat, plate-like cavity on a test charge in the cavity. The longest dimension of the cavity 
must be small compared to a wavelength, \ and the thickness must be large compared with N~' 

Now consider an ionized medium in which there are irregularities small in size compared 
to one wavelength. Suppose that the size of the irregularities is given by a length, /, which 
may be thought of as the average distance between one point of maximum electron density 
and its nearest neighbor. Then/<<d. The electric intensity can now be defined in two ways. 

The “local” electric intensity E is defined in terms of a long thin cavity whose length is 
very small compared with /, and whose cross section is large compared with N~*. Its value 
depends on where the cavity is placed in relation to the maximums of N, and is affected by the 
local configuration of the space charge. It is this value of E which determines the force on an 
electron. 
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The average electric intensity E, is defined in terms of a long thin cavity whose length 
is very small compared with \, and whose cross section is large compared with /. In this case 
the distance of the test charge from the walls of the cavity is very large compared with /, so 
that the value of E) is unaffected by local configuration of the irregularities. It is Ey) which 
must be used in Maxwell’s equations. The cavity definition here effects the “smoothing out” 
process over a distance small compared to a wavelength but large compared with J. 

In a similar way, flat plate-like cavities may be used to define the local value D and the 
average value Dy of the electric displacement. The local electric polarization P is given by (1). 
Its average value is denoted by Po, and is not, in general, equal to No ¢ ro where fo is the average 
value ofr. The following relations may be derived by the standard methods of electromagnetic 
theory (rationalized units): 


D = @)E + r, (2) 
Dy = €)Eo+ P). (3) 


P and E are related by the same constitutive relations as for a homogeneous medium, but 
this is not true for P, and E. 

Before attempting the general theory for three-dimensional space, the theory will be 
illustrated by discussing a simpler problem in one dimension. 


5. Irregularities in One Dimension 


Suppose that the electron density N is a function only of z, and consider the effect of 
an electric field parallel to the z direction. The effect of the earth’s magnetic field is neglected. 
Our problem is to calculate the effective dielectric constant of the medium. The reader may 
find it helpful to imagine that a large sample of the medium is placed between two conducting 
plates in planes z=constant, forming a parallel plate condenser whose capacity is to be found. 
D and E are both parallel to the x direction and may be written simply as D and EL. The 
electron number density N is given by 


N=N,+AN, (4) 


where AN is small compared with Ny. Similarly the displacement r of an electron in the 
x direction from its mean position is given by 


r=1o+ Ar. (5) 
Further 
E= My tAE. (6) 


Each of AN, Ar, and AEF is a function of z, and has an average value of zero. 
Now div D=0 so that in this case dD/dz=0 and 


D=D,)=constant (7) 


for all values of z. This equation automatically takes care of the effect of space charge. The 
space charge density is p=—dP/dz. It gives rise to an additional electric field which must 
be such that div D=0. It would clearly be incorrect to write div D=p, for this would include 
the space charge twice. 

The electron displacement r is related to / thus. 


r=, (8) 


where y is a constant which is, in general, complex. If the effect of collisions is neglected, 
7=—e/mw* where m is the mass of an electron and w is the angular wave frequency. If the 
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average number of collisions per unit time for an electron is v, then y=e/(imvw—mw”). 


Now P=Ner=NeyE and hence 


D= (e+ Ney) E=D.= { €)+ (No+AN )ey} (A, +AE) : (9) 
This gives 
AE=— Do —E,, (10) 


ey teyl Ny teyAN 


whose average value must be zero. 

It is now necessary to make some further assumptions about the irregularities AN. Let 
AN=é. It is assumed that & has a Gaussian distribution about zero, which means that the 
probability, p(é) dé, that & lies in the range & to &+dEé is given by 


p(t)=—) — e-8, (11) 
where 
a’?=A/ j2. (12) 


(A quantity with a bar over it denotes the average value of that quantity.) Then the average 
value of AF is 


Ak=~— —__—______— ¢@ —¢/207 J — ee (13) 
ay2n J—« &teyNo+ert — 


as eo 


which must be zero. The integral is evaluated in appendix A. Let 


= eteyN, 
\2aey=¢; TEV 9, (14) 
+ 2aey 


Then the result of equating (13) to zero is: 


—— 29-2? —2F(Q) (15) 
= aE inte }, 


"2 
Fa)=e*| edu. (16) 


where 


' 
If electron collisions are neglected, y is real and the integrand in (13) is then real at all points 
on the real ~ axis, but has a pole on this path. The principal value of the integral is then 
purely real. If y has a small imaginary part, however, the integral has an imaginary part 
which does not tend to zero as /(y) 0. Thus the limiting value of the integral is not the same 
as the principal value. Now it is impossible for the collision frequency to be exactly zero so 
that clearly the limiting value is the correct one to use when collisions are neglected. 
Now 
1+ Noey/eo=e’, (£7) 


where ¢’ is the dielectric constant of a homogeneous medium with the electron number density 
Ny. The true dielectric constant is e=Dp/e. Let 


ail wee. (18) 


Then (14) gives 
¢= (2B)"/"e9(e’ —1); Q=(28)—'/e’/(e’—1), (19) 


which may be substituted in (15). 
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If electron collisions are neglected: 


' > Noe? 
e’=1—X, where X=——|; (20) 
€ymw* 
and (15) gives 
we=e=y2XB' { in'/e- 2 —2F(Q) }-}. (21) 


This is the formula for the square of the refractive index in the one-dimensional case when 
small irregularities are present. It replaces the formula y?=1—X which would be true for a 
homogeneous medium. The quantity X is the same as Appleton’s [1] # and is proportional to the 
electron density. In figure 2 curves are plotted showing how the real and imaginary parts of u 
depend upon X for various values of 8. 

Equation (21) shows that y’ has an imaginary part even when electron collisions are 
neglected. Hence, some energy would be lost from an electromagnetic wave although there 
is no physical mechanism for converting electric energy into heat. It is known that irregu- 
larities cause scattering of energy from the original wave, and this must account for the imagi- 





nary part of py’. 

When X>1, Q is large since 8 1s small. The term, ¢ 
F(Q) may be replaced by the first two terms of its asymptotic expansion (eq A7, app. A). 
If powers of 8 higher than the first are neglected, the expression (21) becomes 


es) xX ee 
ee TBA X—1)’ 


—Q?2 


may then be neglected, and 


which may be compared with the expression for »’ in a homogeneous medium when the Lorentz 
term is included, namely: 


2] 4 m 
ee Ta 


(23) 
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° 0.5 1.0 1.5 


Figure 2. The effect of small irregularities on the variation 
of R(u) and —I(u) with X. 


8 is a measure of the strength of the irregularities. For the full curves electron 
collisions are neglected. For the dashed curves, Z=v/w=0.115, and B=0O. 
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The factor B/(X—1) in (22) is analogous to the Lorentz factor, 1/3, in (23). The effect of the 
/ oD ’ 

irregularities has the same sign as a Lorentz force (since X>1), but gets progressively smaller 

as Y increases. 


6. Irregularities in Three Dimensions, General Theory 


There appears to be no direct way of extending the method of the last section to deal 
with irregularities in three dimensions. In one dimension the equation, div D=0, has the 
simple integral D=constant, but there is no correspondingly simple result for three dimensions. 
In this and the following sections, therefore, a solution by successive approximations will be 
attempted. 

Cartesian coordinates zr, y, 2, are used. Let i, j, kK denote unit vectors parallel to the 
is given by the vector 


z, y, and z axes respectively. Then the position of a point (x, y, 2 
s=ir+jy+kz. The electron number density N is given by (4) where AN is now an irregular 
function of x, y, z. MN may be expressed as the sum of many Fourier terms thus: 


AN=)> 3(AN)x, (24) 
K 
(AN) x=Ax cos (Ks—¢x), (25) 


where 


K=ui+2j+wk. (26) 


The summation is really a triple sum over all values of u,v, w. Ax and ox are the amplitude 
and phase, respectively, of the Fourier term. 


7. First Approximation 


As a first approximation it is assumed that the electric field E in the medium is the same 
at all points and equal to E,. Then each electron is displaced from its mean position by the 
same amount r, given by 


r.=T-E,, (27) 


where T is a tensor which can be found from the equation of motion of an electron. Because 
of the irregularities AN, the displacement r, results in the appearance of space charge which in 
turn gives an additional electric field AE,;. The contribution AE, to AE, from one Fourier 
component in (24) will now be found. 

A single Fourier component (AN) x is a one-dimensional variation of AN and may be treated 
as in section 5. The additional electric field AE,“ must be normal to the planes of constant 
AN for this component and so is parallel to the vector K. At this stage r, is taken as a constant, 
so that the average value of E, must remain unaffected by the irregularities. Hence, AE; ‘“)=0. 
For components parallel to K we have « #+P=D=constant, so that «4 AE+AP=0. Now 
AP=e(AN) xr;* where r;™ is the component of r,; parallel to K. Hence 

AE, = ies Ax cos (Ks—¢x) (HB) (28) 
€ K? 
Here the factor (r,K)/|K| is 7;%, and the factor K/|K| is a unit vector in the direction of K. 

The total additional field AE, from the first approximation is given by: 


AE, — > JAE, aed 
K 


TS 
© 


8. Second Approximation 


The effect of the appearance of the additional electric field AE, is to give the electrons an 
additional displacement, 
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Ar,=T: AE. (30) 


Both Ar, and AE, are functions of position. Ar, gives rise to further space charge which in 
turn results in a further contribution AE, to the electric field. The average value of AE, is 
zero, but the average value AE, of AE, is not in general zero, and its value must now be found. 
The resultant electron displacement is r,;+Ar,, which must be substituted for r, in eq (28). 
This gives: 
AE, =—£ Ax cos (K 8—¢x) ee, (31) 
0 

and AE, is given by 

AE,= > AE,™’. (32) 
iv 


Ar,, and therefore AE,“ , contain a summation over all values of K, and so (32) contains a 
double summation. Now take the average of (32). Clearly cos (Kjs—@x,) cos (K,s— ¢x,) 
has the average value zero when K,#K, and the average value 1/2 when K,=K,. The value 
of r, may be inserted from (27). Hence: 





SEA! 3 AHTK-K}{TE,-K) . 
AE.=33 Ki -K. (33) 

The average electric field is now given by 
E,=E,+-AE). (34) 


Next it is necessary to find the average value P, of the polarization P. From eq (1): 


P=e(No+AN) (r,+Ar,), (35) 
and hence 
P,=eNor, +e ANAr;. (36) 
From (28), (29), and (30): 
é (r; 7 K) =, 9° 
ANAr,=—— >) Ax cos (Ks—¢x) —5— TK >) Ax cos (Ks—¢x), (37) 
6 K K’ K 
and on taking the average: 
AN Ar, =—3— >) Az (r- K) TK. (38) 
“6 K K? 


Hence from (36) and (27) 


P,=cNoT E,—— 3 Ak iTE, oF jTK (39) 
“jC kK 


In eq (33), (34), and (39), Po and E, are expressed in terms of E;. Elimination of E, gives the 
constitutive relations between Py and Ep. 


9. Discussion When T Is a Scalar 


If the effect of the earth’s magnetic field is neglected, the tensor T reduces to the scalar 
used in sec. 5. Then eq (33) becomes 


, a > Ak Cm ; K}. (40) 


The factor [(E, - K)/K*] - K is simply the component of E, in the direction of K. 
It is now assumed that the irregularities are isotropic. This means that for a given value 
of |K| the directions of the vectors, K, are uniformly distributed in any hemisphere and the 
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probability of a given value of Ax is independent of the direction of K. Select first those 
values of K for which || is in a specified range, d|K|, and Ax is in a specified range, dAx, and 
perform the summation for these values first. Then the last factor in (36) is simply 1/2 E,. 
Hence (40) becomes: 





_ 1 252 
A —- a E, > & Ai. (41 ) 
4 €0 KE 
But 
5 >) Az=(AN)? (42) 
Hence (34), (41), and (42) give: 
1 e'y*N?2 (AN\, , 
E,= E, { 1 +z es ~~) }. (43) 
- €0 LVo, 
Equation (39) becomes: 
- ve? A2 ( r* K) r 
P,=YeN,E,— dn 2 Ar{ Or . K } (44) 


which reduces in a similar way to 


, 1ly'eNj (AN\ » 
P,\=E, {ve 0-5 y= (5) }. (45) 
“ €o iVo 


The dielectric constant ¢€ is given by 
€9¢€ Ey>=€0 Ey + Ph. (46) 
It is convenient to use the expression (17) for e’, and the abbreviation (18). Then: 
e=e'/{1+}3 8 (e’—1)?}. (47) 
If electron collisions are neglected and (20) is used, eq (47) becomes: 


; ne 7 
w= OTT BX? (48) 


which should be compared with the expressions (21) and (22) obtained for the one-dimensional 
case. The difference is not surprising since the plane sheets of space charge formed in the one- 
dimensional problem would be expected to have a larger and different effect from an irregular 
three-dimensional distribution of charge. It is probable that (48) is unreliable when X is near 
unity, for then the wave frequency is near the plasma frequency, and it is possible for the elec- 
trons to make oscillations of large amplitude. The approximations made in the derivation 
would then be invalid. This may also explain why the expression (48) is purely real. In a more 
accurate treatment it should have an imaginary part which is associated with loss of energy 


from the wave by scattering. 
10. Discussion When T is a Tensor 


The constitutive relations will now be derived for the special case of a plane wave with its 
wave normal in the direction of the earth’s magnetic field, which is taken as the z axis. The 


tensor T is then given by: 


U? iYU 0 
e ] ne ri 
it sation ~o fh 2 i (49) 
ma LU (U?—Y*) mr : . 
0 0 U?—yY? 








(see for example, Banerjea [2]) where U= =1—iZ, Z=v/w, v is the average number of collisions 
made per unit time by an electron, Y=wy/w, and wy/2m is the magnetic gyrofrequency for 
electrons. This case is of interest in the study of the propagation of whistlers [5]. 

In a homogeneous medium, a wave whose normal is parallel to the magnetic field is circu- 
larly polarized, and the electric field has no component in the direction of the wave normal. 
Now E, is the first approximation to the electric field of the wave and is, therefore, the field of 
a wave in a homogeneous medium. Hence, it has no component parallel to the 2 axis, and (27) 
and (49) show that r, similarly has no z component. Hence we may write: 


r,j=iz,4j Yi- (50) 


There is strong evidence that irregularities in the ionosphere are elongated in the direction of 
the earth’s magnetic field [4]. To allow for this, eq (26) is replaced by 


K=ui+vj+fwk, (51) 


where fis a number less than unity. It will be assumed that the irregularities of AN are isotropic 
with respect to the variables u, v, w. The effect of the factor f is as though a region of truly 
isotropic irregularities had been stretched in the z direction by a factor 1/f, and f will therefore 
be called the “elongation factor’. 

The expression (33) for AE, must now be written down for this special case. The notation 
T;; (i, j=2, y, 2) will be used for elements of T. Equation (49) shows that 7,=7,,=T7..= 
‘i que T. a Hence the factor (T K) - K in (33) becomes 


Z] ’ zy 
(T K)-K=7,,.74+T7,v°+T..f?w’. (52) 
Equations (27) and (50) show that the factor {(T E,) - K}-K in (33) is given by 
(xyu+y,v) (ui+-vj+fwk) (53) 


Now when the summation in (33) is completed, terms involving the products uv, vw, wu will 
give zero, because AN is isotropic with respect to u, v, w. Hence (53) becomes: 


{TE, - K}-K=2i+y,°j. (54) 


Equation (49) shows further that 7,,=T7,,. Henee eq (33) can now be written in full using 
(52) and (54). It gives 


— e Az 2.9 " ae Re | nm 2y52 / hd 2ay2a792 LF 55 
A 2=5 22s Oe Te Pe pe? > Lf Tie (u'+-w?e*) + T,, fw? Sin, + { T,.(v'+we”) + T,f?v'w* } jy). (55) 
It is shown in app. B that 
u' vt ury? 3 
Ai 7s, 2 | 23, 3° Az. > MEY TPO teat df s > > eT ee 4 56 
23 " (u?+v?+ f?w)? 24 I (u°+o°+ f*w*)* 24 ti (u?+v?+ f? w*)? 4 E)B (56) 
‘5 ‘in uw? _ 42 Wa ane in 
j = Ak (u?-+v°+ f?w*)? J -- Ak (u?-+-v?-+ f?w*)? M{f)-BNo (57) 
where L(f), M(f) are known functions of f, and B is given by (18). Hence (55) becomes: 
ABE,=5 3 BN8{ Txl(f)+ Te.M(f) jm, (58) 
0 
and (34) (27) give: 
E,=—E, tess BN3{ TeL+T,.M}T E;. (59) 
on 
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Next, eq (59) must be written down for this special case. By methods similar to the above 
it can be shown that 


, {TE,-K}-TK . 
Do Ake a? =BN2Q(f) {i( Torti t+ Tovys) +i(Tyetit Tri) } (60) 
where 
os ue _ A2 x . 
=. Ax w+ + fru -. An ip +0" pF wy =Q(F) -BNe 7 


(see app B) 
Equation (60) is now substituted in (39) and (27), (50) are used. This gives 


9 


. e’ No , 
Po=eN ol ) aes 9 : BT’ E, (62) 
a=€& 


which may now be combined with (59) to give the constitutive relation. 
The relations (59) and (62) are equivalent to: 


Ep: {? 45 BN (T,.L+T,.M) }a E,, (63) 
P,=eN, > QB T)T E (64 
o— €LVo 2€, ; 1? +) 


from which the vector T E, is to be eliminated. This then gives 
E,-: R P (65) 


where R 1s to be found. Now 8 is a small quantity and its square and higher powers will be 
neglected. Then it can be shown that 


. * 


: LU M . 
eNo "Sep ~ (; j2__ pty )—2} (66) 


and it fellows from the expression (49) for T that 


R= 


Rs. Bus _ | a Bey -() ) 


(67) 


Bux = Ret } — Ry: 


The standard methods of magneto-ionic theory may now be used to find the polarization and 
refractive indices of the waves which can be propagated. The two polarizations are given 
by p= +7, so that the two waves are circularly polarized with opposite senses, and the two 
refractive indices are given by 

I 


2] ; ’ (68) 
i ar RiettRey) 


which leads to 


; X 
Xx? LU = = (69) 
U 4: {x (73 Sytie r)-@x } 3 


11. Application to Whistlers 


Whistlers are naturally occurring radio signals propagated in the extensive ionized region 
surrounding the earth, with the wave normals in directions close to the lines of force of the earth’s 


magnetic field [5]. The frequency is very low (often in the audible range) so that X and Y 
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are very large compared to unity. The waves are not heavily attenuated so that the effect 
of electron collisions must be small. Hence in (69) we take U=1, X>1, Y>1. More- 
over X/Y is inversely proportional to frequency and is very large at low frequencies, so that 
X/Y>1 [5]. One of the values of u given by (69) is almost purely imaginary; the other value, 
with —Y in the denominator, refers to the wave which is believed to explain whistlers, and it 
is given by 

wee — 


y— Fa(uE =) +} 80x Box 


(70) 


If the elongation factor f is not near zero, then M(f) and Z(f) are both non-zero, but Z/Y’<M 
since Y is large. .X may be neglected in comparison with X?, so that (70) boonies: 


2~ = oo R (71) 
YY —16—MX? mF 
The additional term 48M X? in the denominator has an effect similar to that which the Lorentz 
force would have. Waves could not be propagated if 


P MX*>Y, (72) 


for then the refractive index would be purely imaginary. Hence, irregularities could modify 


the propagation of whistlers. Equation (72) shows that there 1 is & boner limit to the frequencies 
which could be propagated, given by 


(4% BM fix /fu)'” (73) 


where fy is the plasma frequency and f, is the gyrofrequency. 

If, however, the irregularities are very elongated in the direction of the earth’s magnetic 
field, so that the dwngetion factor f is very small, then M(f) is small (see app. B), and its effect 
could be opposed by the term Z/¥? in the denominator of (70). If f is so small that L~ MY?, 
then the effect of irregularities on the propagation of whistlers would be small. 

It is well known that whistlers are not observed regularly, but only during comparatively 
short periods of time. They are believed to start from lightning flashes, so that sources of 
whistlers are always plentiful. The absence of whistlers for long periods must therefore be 
explained by some feature of the propagation. It is now tentatively suggested that whistlers 
cannot be observed when the path they would travel contains irregularities which are not 
greatly elongated. On the occasions when whistlers can be observed, the irregularities are 
either absent or greatly elongated in the direction of the earth’s magnetic field. 


12. Conclusion 


It has been shown that irregularities in the ionosphere, which are small compared with 
one wavelength, may modify the constitutive relations and hence may affect the refractive 
indices for electromagnetic waves. The modifications are in some ways similar to those which 
would be introduced into the Appleton-Hartree formula by a Lorentz force. When the irregu- 
larities extend only in one dimension the theory can be handled by the statistical method of 
section 5, and it was found that even in a loss-free medium the refractive index now has an 
imaginary part which might be associated with loss of energy from the wave by scattering. 
For the general three-dimensional case, the theory is more difficult and has only been handled 
by a method of successive approximations. A theory similar to that of section 5 is needed for 
this case but has not so far been found. The method of section 6 onwards is less satisfactory 
because of the numerous approximations. The results, however, do indicate that small irregu- 
larities may play an important part in the propagation of very-low-frequency radio waves in 
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the ionosphere. In particular, they may explain why whistlers are observed only on compar- 
atively rare occasions. 


The author is greatly indebted to the University of Colorado, and to the Directors and 
Staffs of the High Altitude Observatory and NBS for providing him with the opportunity to 
work in Boulder. 


13. Appendix A: Evaluation of the Integral in Equation (13) 


With the notation (14), the integral in (13) becomes 


_Do_ f _ = oP. de, (Al) 


| 
mr 
- 
bo 
y 
I 
8 
* 
~ 
4 
wt 
= 
< 
bo 


Let ¢/¥2a=w. Then (A1) gives 


D eo ] ial 
— e dw. (A2) 
Vat. > w+ 
Now 
] .( +” es 
w+Q- | e~ ther Md, (A3) 
T 86 J0 


where the top limit is -+-© when J (Q) is negative, and — when J (Q) is positive. Here J (Q) 
is always positive. Hence 


l —y? —_ —~w2—irw 
— €  dw=1 eo e "dw | dr 
J-. W+2 J0 J — 


-/-| ,_(—1/472—io 9 ¢01/2,—-22 —r? 
ive ee), dr=2in'e e "dv 
v0 e 


i2 


= — x! 2 jg l/2¢-” _9F(Q)] (A4) 
where 


ee 
Fay=e| edu. (A5) 
0 


When (A5) is subsitituted in (A2) it leads to the result (15). 

The function F (Q) has been studied by Mitchell and Zemansky [3] who give the following 
formulas: 
when © is small; 


202 (20%)? (29?)3 
—20F(Q2)=1——— a ad A6 
aes rt 13 1357 ae 
and when 2 is large; 
a Sad 13 1-3-5 , 
(9) ~39 [1 0) 7 @ay2T @QyeT | eae 


14. Appendix B: Evaluation of Coefficents in Equations (55) and (60) 


According to eq (51) the vector K=iu+iv+kfw. Its direction cosines are therefore 








u v w 
= LL pie "=TrpLppie =77 f Z D172 (B1) 
(w?+-0°-+ f?w*)'? (u?-+-v?-+ f*w*)' (w?+0°+ f*w*)'? 
These may be written in spherical polar coordinates: 
l=sin @ cos ¢, m=sin @sin ¢, n=cos 6. (B2) 
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In equation (55) the coefficient u*/(u?+.+-f?w")? is '=sin‘é cos'd. It is assumed that 
the distribution of the directions of K is the same for all values of Ax, which means that 


>> Azl‘=sin! 6 cos! @ >) Ak. (B3) 
K K 
Since all values of ¢ are equally probable this is equal to 


24 Ajm‘=sin' 6 sin'¢ >) Ak. (B4) 


K 








It can be shown that sin’¢=cos'¢=3/8; cos’? sin*¢=1/8; cos*d=sin*¢=1/2. Hence: 


DAM! => 5Akm'‘=3/8 sin‘ 6 > Ai, (B5) 
> AR?m?=1/8 sin! 6 >) Ak, (B6) 
DAN*n? => 5 Aim?n?=1/2 cos? 6 sin? 6 > AZ, (B7) 


DAR? ==> Azkm?=1/2 sin? 9D Ak, (B8) 
D> An? =c0s’6> Ax. (B9) 


fz=2' (B10) 


Now let 


so that 

K=uwi+27j+ wk’, (B11) 
where i, j, k’ are unit vectors parallel to the axes of the coordinate system (7, y, 2’). Let 
the spherical polar angles in this system be 6’, ¢. Then 


f tan 6=tan 6’. (B12) 


Now the irregularities are isotropic with respect of u,v, w, which means that all directions 
of the vector K in the system z, y, 2’ are equally probable. Hence, the probability p(@’, ¢)d0’d¢ 
that 6’, ¢, lie in given ranges d6’d¢ is given by 


p(0’, &) =(1/47) sin 6’. (B13) 
The corresponding probability that 6,¢ lie in ranges d6,d¢ is p(0,¢6) déd@ where 


10’ f? sine 





! ; de ; 
POO) =O, &) Fe ~ 42(cos*6+-f? sin*)*” -_— 
The average values in eq (B5) to (B9) can now be found. For example 
; il f? sin°@ - 
ino - aca : 5 
saa J. 4m (cos*6 +f? sin?9)3/? ‘ af - (B15) 
This reduces to 
sin’@= L(f)=(1+ Wf?) (1—f?) -?—2f2(1— 4 f?) (If?) ~>log[ {1+ (1—f?)'?}/f] (B16) 


Similarly it can be shown that 


- 


cos? 6 sin?6:=M(f) api —f)2-+f2(14 5f*)a —f?)-5 log [{1+ (1—f2)"7}/f] (B17) 


cos‘6=P(f) =1—L(f) —M(f) (B18) 
sin‘d=(f) =L(f) + M(f) (B19) 


148 








In particular: £(0)=1; Z(1)=8/15; M(0)=0; M(1)=2/15. 
Figure 3 gives curves showing how L(f), M(f) depend upon f. 
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Figure 3. Curves showing how the functions L(f) and M(f) 
depend on the elongation factor f. 
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various phenomena of interest are shown. 
magnetoionic deviation of the ray. 


1. Introduction 


The sweep-frequency pulse technique for studying 
the ionosphere is of vital importance in determining 
the correct application of vertical-incidence iono- 
spheric data to radio communication problems. For 
a clear understanding of the important factors which 
govern the operation of high-frequency radio circuits 
(signal strength, fading, etc.) direct observations of 
ionospheric propagation are essential. 

With the above problems in mind oblique-incidence 
observations have been made in several countries. 
The earliest experiments using the sweep-frequency 
yulse technique appear to be those of Farmer and 
Ratcliffe [1]! Farmer, Childs, and Cowie [2], and 
those of Eckersley et al. [3] prior to World War II. 
During the war Beynon [4] extended these experi- 
nents to longer path lengths with improvements in 
he recording technique. After World War II ob- 
ique-incidence work was extended to still greater 
istances in Germany [5, 6, 7, 8, 9], Canada [10, 11, 
2], the United States [13, 14, 15], and Japan [16]. 
Whe results of these investigations will be considered 
n the foilowing section. In the present paper we 
Bhall survey the work done in this field with special 
agg to the experiments carried out by the 

ureau, 












2. Survey of Previous Work 


In the earliest experimental work carried out by 
Fariucr and Ratcliffe [1], pulses were transmitted on 
M «pproximately north-south path over a distance 
M44km. Farmer, Childs, and Cowie [2] improved 
he technique by shortening the sweep time and 
ou that, for ionospherically quiet days, there was 
foo. agreement between the observed maximum fre- 
ue cies for the F2-layer and those calculated from a 
no ledge of the ionosphere overhead at the two 
nd- of the circuit. These observations were con- 
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Ionospheric Investigations Using the Sweep-Frequency 
Pulse Technique at Oblique Incidence 


Vaughn Agy and Kenneth Davies 
(March 12, 1959) 


This paper describes the present state of oblique-incidence investigations of the iono- 
sphere, using the sweep-frequency pulse technique, with special reference to the work carried 
After a short review of the published literature, 
oblique-incidence sweeps are presented showing the diurnal and seasonal variations on two 
sast-west paths of lengths 1,150 kilometers and 2,370 kilometers. The discrepancies between 
observed and calculated maximum usable frequencies are presented for both paths and then 
Finally, the above phenomena are discussed in 
the light of existing knowledge and theory and, in particular, it is shown that the discrepancies 
between observed and calculated maximum usable frequencies are unlikely to be caused by 


firmed by Eckersley and others [3]. It was found that 
the average discrepancy between the observed and 
calculated maximum frequencies was about 0.5 per- 
cent. Beynon’s observations [4] on a north-south 
path 715 km long showed that the mean /'2 maximum 
usable frequency (MUF) was in excellent agreement 
with that calculated from end-point vertical-inci- 
dence data. Beynon found that the mean of 110 
daytime measurements of the MUF factor (MUF/ 
foF2) diverged by only 0.2 percent from that cal- 
culated from vertical-incidence data using the para- 
bolic layer approximation. In the case of the E- 
layer maximum frequencies, no close relationship 
with the vertical-incidence data was found, probably 
because of sporadic-F reflections. Indeed, weak Es 
reflections were found to be almost always present. 

A more comprehensive series of oblique-incidence 
observations was carried out in Europe by Diem- 
inger [5, 6, 7, 8, 9] and his coworkers. They made 
observations over north-south paths of lengths 
1,300 km (Helsinki to Lindau) and 1,900 km (Sodan- 
kyla to Lindau) and have found that, in general, the 
agreement between the observed sweeps and those 
‘alculated from vertical-incidence soundings made 
near the midpoint was good except near the junction 
point of the high-angle and low-angle traces (MUF) 
[7]. An “inverted” transmission curve was used to 
derive the ordinary ray critical frequency from the 
oblique-incidence sweeps. The derived critical 
frequencies for both the Fl- and F2-layers were 
about 1 percent higher than those observed. On 
the other hand, the median observed MUF’s were, 
on the average, about 4 percent higher than the 
calculated median value. Echo traces extending 
from the junction point towards higher frequencies 
were frequently observed for the 1,300-km_ path 
and more frequently for the longer path. The top 
frequencies of these extensions were up to 10 percent 
higher than the respective MUF’s. No correlation 
was found between these extensions and sporadic 
E. Dieminger and Moller [6] found that, under 
certain conditions, the high-angle ray was present 
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over a relatively large frequency range. Further- 
more, they showed that during summer midday, at 
low sunspot activity, the #-layer controlled the MUF 
for a distance of 1,300 km whereas at vertical inci- 
dence the highest frequency was reflected from the 
F2-layer. 

The Canadian experiments [10, 11] made over an 
east-west path of 2,350 km showed that under 
certain conditions the Pedersen ray was relatively 
important and that signals were sometimes received 
at frequencies up to 10 percent higher than the 
so-called ‘classical MUF’’. In these experiments, 
good agreement was found between the observed 
classical MUF’s and the MUF’s calculated on the 
basis of Sellmeyer theory. No departures from 
reciprocity were observed, and it was shown that the 
frequency separation between the ordinary and the 
extraordinary traces at the MUF was about 0.3 
Me. 

Records showing the importance of the one-hop 
Pedersen ray in the determination of the MUF 
were obtained by Warren and Hagg [12] on a 5,300- 
km path across the North Atlantic. Over this dis- 
tance the low-angle ray is cut off by the earth. 
These observations agreed relatively well with cal- 
culations by Kift [17]. 

In the United States the National Bureau of Stand- 
ards has conducted oblique-incidence experiments 
since 1951. These were carried out over two east- 
west paths; namely, Sterling, Va. (near Washington, 
D.C.) to St. Louis, Mo., 1,150 km [13, 14] and 
Sterling, Va. to Boulder, Colo., 2,370 km [15]. The 
records obtained from these experiments have been 
scaled primarily for MUF’s. Wieder [14] has shown 
that for transmission over 1,150 km the observed 
MUF’s were sometimes 5 percent higher than the 
MUF’s calculated from midpoint data and the 
appropriate Smith transmission curve [18]. 


When the Sterling to Boulder experiment was 
started, it became apparent that care must be taken 


to distinguish between two frequencies either of 
which may, with reason, be called the MUF of a 
given layer. The first of these, referred to variously 
as “the junction frequency”’ (of the high-angle and 
low-angle rays), or the ‘‘nose frequency” (because 
of the shape of the trace seen in a clear sweep- 
frequency record), is here called the ‘classical 
MUF’”’. It is a quantity determined primarily by 
the geometry of the ray path between transmitter 
and receiver and is independent of equipment sensi- 
tivity or power. The second of the two frequencies 
is the highest frequency propagated by a given 
layer. Terms applied to this frequency include both 
“maximum observed frequency” (MOF) and “‘practi- 
cal MUF” for the layer. For the shorter path it 
is almost always identical with the classical MUF 
described above but for the longer path it is fre- 
quently higher than the classical MUF by as much 
as 10 percent. When the latter situation holds, 
the amount by which the maximum observed fre- 
quency exceeds the classical MUF is evidently de- 
pendent on the power and sensitivity of the equip- 
ment used. The difference between the MOF and 
the classical MUF (expressed either as frequency 
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difference or percentage frequency difference) ish 


referred to as the “MUF extension”’ or occasionally 
as the “nose extension”. The appearance of the 
trace on swee p-frequency oblique-incidence records 
at frequencies iors the classical MUF suggests these 
terms as well as terms like “whisker” and ‘‘tail’’. 

A third quantity of importance is the “calculated 
MUF’”’? which is the result obtained by application 
of any one of several methods of computation to the 
vertical-incidence (midpoint) ionogram (e.g., Apple. 
ton-Beynon [19], Smith [20]). When the calculated 
MUF is derived by means of standard transmission 
curves of the type devised by Smith, the tern 
“standard MUF” applies. To the extent that theory 
and experiment agree, the calculated MUF is iden. 
tical with the classical MUF. 

The nose extension was observed only on the 
longer (2,370-km) path, at least to an appreciabk 
extent. However, Wieder’s analysis showed that 
even in the case of a well-defined MUF (no exten- 
sion), over the 1,150-km path the average value of 
the MUF was greater than the value deduced from 
the vertical-incidence data at the midpoint of th 
path by between 0 and 10 percent, depending on tim: 
of day and season. The mean difference is about : 
percent. On the longer path Sulzer [15] observed 
echoes on numerous occasions at frequencies con 
siderably above the so-called classical MUF. 

The sweep-frequency technique has been used it 
Japan over distances of about 1,090 km and abou 
1,840 km, where it has been found that the meat 
percent differences between the observed and calcu 
lated MUF’s for F2-layer propagation is about | 
percent for the 1,090-km path and about 6 perceni 
for the 1,840-km path. Excellent agreement appear 





to have been found between the observed and cal: 
culated regular E-layer MUF’s. However, wher 
sporadic / was present, appreciable discrepancies 
were observed. | 

Summary of results of previous work: 

(1) The existing theories of propagation are ade 
quate for calculating MUF’s for distances up ti) 
about 700 in For distances of about 1,000 km) 
the MUF errors average approximately 3 percent) 
and appear to increase with increasing path length” 

(2) MUF extensions are sometimes ‘observed ovel: 
distances of the order of 1,000 to 2,000 km. Fo 
greater distances such extensions are commonly ob) 
served. 

(3) The high-angle ray is important under certail) 
conditions. 

(4) For certain distances the #- and F'1-layers d@, 
termine the MUF, especially in summer daytin) 
during periods of low sunspot activity. 

(5) The frequency separation between the ordi 
nary and extraordinary rays at the MUF’s dec reas 
with increase of distance from about 0.7 Me 
vertical incidence to about 0.3 Me at 2,400 km 


2 The IXth Plenary Assembly of the CCIR (Los Angeles, April 1959) a opted 
recomme ond ition on the meaning of M UF, advocating the use of the term “‘clasf 
cal MUF” to designate the highest freque ney transmitted by ionospher « refraf 
tion alone. (Our use of the term is consistent with this definition as applied Uf 
particul: w layer). The recommendation also suggests that ‘expe: imetl 
MUF” be used to designate the results of special experiments (our MCF), al 
that ‘‘theoretical MUF” could be used for the results of theoretical calc alatio 
(our ‘calculated MUF’’). 
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3. NBS Oblique-Incidence Program 


The Bureau’s oblique-incidence experiment has 
been in operation since August 1951. From August 
1951 to December 1952 observations were made over 
the 1,150-km path between Sterling, Va., and St. 
Louis, Mo. A conventional vertical-incidence iono- 
sonde was operated at Batavia, Ohio, the midpoint 
of the great-circle path. From 1953 onwards, the 
circuit used was between Sterling, Va., and Boulder, 
Colo., (2,370 km) with the midpoint ionosonde 


located at Carthage, IIl. 
The following features 


will be considered in the 
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present section: (1) Sample records indicating di- 
urnal and seasonal changes for the two paths; (2) 
the quantitative relationship between oblique-inci- 
dence and vertical-incidence data, including sweep- 
frequency backscatter data; (3) some interesting 
phenomena. 

3.1. Sample Sweeps 


In figures 1 and 2 we see the diurnal variations on 
quiet summer and quiet winter days for the 1,150-km 
path. It is seen that near noon in summer the MUF 
is determined by the H-layer and not by the F2- 
layer as is the case at vertical incidence. It should 
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Summer day diurnal sequence for the 1,150-km path, Sterling, Va., to St. Louis, Mo. (June 25, 26, 
Times refer to 75° West Meridian Time. 


1952). 
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Figure 2. 
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Winter day diurnal sequence for the 1,150-km path, Sterling, Va., to St. Louis, Mo. (Jan. 9, 10, 


1952). 
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e borne in mind that these observations were made 
luring a period of relatively low sunspot activity. 
Notice that the -F2+layer echo is retarded in the 
inderlying F'l-layer. It will be seen that near noon 
the F'l-layer Pedersen ray is relatively strong down 
io about 6 Me at which frequency there is little 
trace of the low-angle ray, probably because of 
“cut-off” by Es (see sec. 3.3.a). Near sunset the 
F\-layer trace disappears, leaving only the F'2-layer 
trace which persists throughout the night. The F'1- 
layer is reformed near sunrise. Sometimes the F'l- 
layer is continuous with the night /'2-layer, in these 
cases the daytime F2-layer trace first appears high 
up on the F'l-layer Pedersen ray. On other occasions 
the F2-layer is continuous with the night F2-layer, 
and under these conditions the F'l-layer trace de- 
velops below the low-angle F2 trace. This appears 
to have been the case on the morning of June 26, 
1952. On a typical winter day (fig. 2) there is little 
or no evidence of a separate F'l trace. It will also 
be seen that the Pedersen ray is relatively weak as 
compared with that for a summer day. This is to be 
expected on the basis of increased defocusing of the 
high-angle ray for the thinner wintertime layer. 
Furthermore, the maximum frequency of the F'2-layer 
trace occurs near noon in contrast to the case for a 
summer day, when the highest value is reached near 
1800 hr. It is seen that on a winter night the /'2- 
layer MUF falls to a low value. 

Figures 3 and 4 are similar sequences indicating 
diurnal variations over the 2,370-km path for a 
summer day and a winter day. Note that during 
summer midday, say 0900 to 1500, the F'1 layer 
determines the MUF for the path. Here again, it 
should be remembered that the period under con- 
sideration was one of relatively low sunspot activity. 
Two-hop /s traces are evident (2,370 km is beyond 
the one-hop limit for reflection heights less than about 
110 km); and occasionally the two-hop HS mode 
may provide the maximum frequency for the path, 
particularly during summer daylight hours. Also 
worth noting is the relative difficulty of specifying 
precisely the frequency at which the upper and lower 
| traces meet (the classical MUF). The increasing 
path length with frequency indicated in the first 
record of the sequence is caused by a drift of the pulse 
repetition rate of the Sterling equipment relative 
to that at Boulder; the corresponding record made 
at Sterling shows a trace with a downward slope. 
The average ordinate at a given frequency will 
quite accurately give a measure of the virtual path 

lelay time) at that frequency if the reciprocity law 
i valid. 

The winter day sequence (fig. 4) shows little if 

iv F'1 and the presence of Es is indicated by the 

/ or N trace lying between those representing the 
one-hop and two-hop F2 modes, especially on the 
'-cord for 0603 90th West Meridian Time. 

The records for the longer path (Sterling to 
loulder) are often more complicated than those for 
('e shorter path. This additional complication 
sows itself in the number of traces and the some- 








times confusing relationship among them. More 
important, from the standpoint of MUF data 
analysis, is the difficulty of accurate scaling of the 
MUF produced by the fact that the angle between 
the upper-ray and lower-ray traces becomes more 
acute as the path length increases. The finite pulse 
length combined with the more acute angle may, 
for the F2 layer, give an uncertainty in the classical 
MUF of several tenths of a megacycle and for the 
Fi-layer MUF an uncertainty of 1 Me or more. 
In those records where it is impossible to define the 
frequency at which the upper-ray and _ lower-ray 
traces meet, the procedure used has been to extra- 
polate the upper trace along its lower edge (corre- 
sponding to the leading edge of the pulse producing 
it) to intersect with the lower edge of the low-angle 
trace. Such a procedure provides, if not always 
accurate values of the classical MUF, at least a 
degree of consistency which would otherwise be 
lacking. 


3.2. Vertical and Oblique Incidence Data 


The calculation of MUF’s is still one of the most 
important problems in high-frequency radio com- 
munication. Because of its simplicity, the Smith 
transmission curve [18] has been the practical link 
between vertical-incidence ionospheric data and 
oblique-incidence predictions in the Central Radio 
Propagation Laboratory and many other labora- 
tories. The oblique-incidence experiments described 
herein have afforded a valuable, although limited, 
check upon the accuracy of results obtained by its 
use. In the following paragraphs the discrepancies 
between the MUF’s obtained by the use of the 
Smith transmission curves and the observed MUF’s 
are considered. 

The Smith curves may be defined by the equation 
f=kf’sec ® where f is the oblique-incidence frequency, 





f’ is the equivalent vertical-incidence frequency, 
® is the half-angle at the apex of the equivalent 


path, and & is a correction factor assumed to depend 
only on transmission distance. 


a. Sterling to St. Louis 


Sample winter and summer day plots showing 
the diurnal variation of observed and calculated 
MUF are shown in figures 5 and 6. (All times 
quoted for the Sterling to St. Louis path refer to 
the 75° West Meridian.) It will be seen that in both 
cases the measured MUF’s are in general higher 
than those calculated from midpoint records. The 
average difference between the two MUF’s is about 
3 percent. It appears that, on the whole, the percent 
error in the calculated values is greater during the 
day than during the night. The average daytime 
monthly error is greater during the winter than 
during the summer. This is illustrated by the 
histograms of figure 7. The average error is 3.6 
percent for February 1952 and 1.5 percent for May 
1952. However, there are many more negative 
errors in summer so that the spread is much greater. 
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Figure 3. Summer day diurnal sequence for the 2,370-km path, Sterling, Va., to Boulder, Colo. (Aug. 4, 5, 1954). 


Times refer to 90° West Meridian Time. 
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Winter day diurnal sequence for the 2,370-km path, Sterling, Va., to Boulder, Colo. (Feb. 3, 4, 1954). 
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Figure 5. Comparison between the calculated MUF’s and the 


observed MUF’s for the 1,150-km path (winter day). 
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Figure 6. Comparison between the calculated MUF’s and the 
observed MUF’s for the 1,150-km path (summer day). 


It will be seen that Fl-layer MUF’s are not in- 
cluded in figures 5 and 6. These data were excluded 
because of the uncertainty involved in the deter- 
mination of the MUF for this layer due to the 
overlapping of the Fl trace and the two-hop E trace 
in the vicinity of the F'l-layer MUF. 


b. Sterling to Boulder 


Figures 8 and 9 are sample plots of the observed 
and calculated F2 -layer MUF’s for the 2,370-km 
path. The magnitude of MUF extensions when 
present are indicated by the lengths of short vertical 
lines drawn upward from the plotted points repre- 
senting the observed classical MUF’s. A comparison 
of these graphs shows that whereas for a winter day 
the calculated MUF values are almost always less 
than the observed values, the same is not necessarily 
true for a summer day. Indeed, near noon in sum- 
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Figure 7. Histograms of 2 month’s distributions of the per- 


centage difference between the daytime observed MU F’s minus 
the calculated values for the 1,150-km_ path, Bierting to 
St. Louis. 


the observed MUF may fall well below the 
calculated value; this is similar to the observations 
made on the shorter path. It should be noted that 
at these times the /2-layer echoes are usually 


mer 


heavily retarded in the Fl layer, and the virtual 
height of reflection is thereby increased. It is 


likely, as indicated in section 3.4, that the correction 
factor, k, should properly decrease with increasing 
virtual height. If this adjustment be assumed, the 
winter to summer differences seen in a comparison 
of figures 8 and 9 can readily be accounted for. (All 
times quoted for the Sterling to Boulder path refer 
to the 90° West Meridian.) 

The histogram in figure 10 presents data from the 
Sterling to Boulder path. Here, however, the maxi- 
mum observed frequency for the F2 layer (rather 
than the classical MUF) has been compared with 
the calculated MUF. Similarity is seen between 
figure 10 and figure 7 (Sterling to § St. Louis), in that 
the winter day “plot shows somewhat less dispersion 
than that for the summer day. - Whereas, the per- 
centages for the summer day are comparable for the 
two paths, for the winter day the median percent 
difference for the longer path is about 7 percent 
compared with 3 percent for the shorter path. How- 
ever, the difference in the method of derivation 
(classical MUF for Sterling to St. Louis, MOF for 
Sterling to Boulder) appears to be largely responsible 
for the difference shown (see fig. 18). The agreement 
between the summer-day plots for the two paths is 
explained by the fact that the “MUF extension’ 
seldom appears on the /'2-laver trace during summe” 
midday even over the longer path. 
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Figure 8. Comparison between the calculated MUF’s and the 
observed MUF’s for the 2,370-km path (winter day). 


Vertical lines represent MU F extension. 
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idpoint records, 1954. 





Another interesting point is brought out in figures 
lla and 11b. Here the vertical-incidence ionogram 
(fig. 11b) would probably be scaled as a blackout 
(B) if it were scaled according to the internationally 
agreed scaling rules [19]. However, there is a defi- 
nite echo on the oblique-incidence ionogram. This 
observation shows that care is needed in applying 
blackout studies at vertical incidence to communica- 
tions problems. 


c. MUF’s Deduced from Sweep-Frequency Backscatter Records 


Maximum usable frequencies can be measured by 
sweep-frequency pulse observations of backscatter 
echoes [22]. Backscatter recordings were made at 
the same time as the oblique-incidence records were 
made over the Sterling to Boulder path. If we 
assume that the leading edge of the backscatter 
pulse is reflected at the edge of the skip distance, 
then the frequency is the MUF for that distance. 

Such a backscatter record is shown in figure 12a 
along with the P’f sweep, figure 12b, for the Boulder 
to Sterling path. It will be seen that for an assumed 
slant range of 2,500 km the backscatter record yields 
an MUF of 16.3 Me, which is in good agreement 
with the value of 16.2 Mc taken from the P’f sweep 
and is slightly larger than the value of 16.0 Me caleu- 
lated from the midpoint vertical-incidence data. 
This result agrees with the observations of Silber- 
stein [23] who found that over this same path the 
MUF’s derived from backscatter data are, on the 
whole, 0.5 percent greater than those derived from 
oblique-incidence data. On the other hand, the 
percent difference between MUF’s obtained from 
vertical-incidence data and those observed at oblique 
incidence is about —2.0 percent. 


d. Spread Echoes 


One of the problems facing the frequency predictor 
is that of determining the MUF from a spread ver- 
tical-incidence record. This problem is of particular 
importance at high latitudes where even the slightest 
ionospheric disturbance gives rise to spread echoes. 
The F2-layer critical frequency normally scaled is 
generally near the lower frequency limit of the spread 
F2 trace; and so the question arises whether the 
normal prediction methods, based on monthly 
median foF2 values, are adequate under these 
conditions. 

At the latitudes over which the Bureau experi- 
ments were carried out the occurrence of spread 
echoes is relatively rare and hence a thorough study 
of this problem has not been possible. However, one 
example is shown in figures 13a and 13b, which shows 
the oblique-incidence ionogram and the correspond- 
ing midpoint vertical-incidence ionogram for the 
1,150-km path. Although the oblique-incidence 
traces show signs of spread, the ordinary ray can be 
identified from the high-angle ray and the classical 
MUF is seen to be about 4.1 Mec. The vertical- 
incidence ionogram, on the other hand, shows con- 
siderable confusion and it is difficult to decide what 
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- he critical frequencies are and where to place a | quency reflected from the F'2 layer at oblique inci- 


ransmission curve in order to derive the oblique- | dence. Another feature of interest in figure 13a is 
widence MUF. A transmission curve is shown | the presence of sporadic-E echoes on the oblique- 
hich, when placed on the vertical-incidence iono- | incidence ionogram with no sign of echoes from the 
ram, gives a 1,150-km MUF of 4.1 Me. It appears | same layer at vertical incidence. A calculation of 
iat the transmission curve almost touches the inside | the separation between the Hs trace and the F2 
lge of the spread echo rather than the high-fre- | trace indicates that the lower trace is, in fact, the 


‘ite uency edge. It is of interest to note that there is | one-hop Es trace. 
0 feature on the vertical-incidence ionogram giving A similar pair of records for the longer path is 





frequency of 5.1 Me, which is the maximum fre- | shown in figure 14. The transmission curves for 
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Ficure 13. Scaling of the MUF in the presence of spread echo, Sterling to St. Louis. 


Note the proximity of the 4.1-Me transmission curve to the inside edge of the spread echo, 
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FicureE 14. Scaling of the MUF in the presence of spread echo, Sterling to Boulder. 
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8, 12, and 16 Mc have been drawn across the mid- 
point record. The difficulties of scaling both of the 
records are apparent: it is not possible to match 
corresponding features. It should be made clear, 
however, that the discrepancy between the observed 
F2 MUF of about 14 Me and the calculated MUF of 
12 Mc (inside edge of spread) is no larger than occa- 
sionally arises when spread echo is not present. 


e. MUF Extensions 


It was pointed out that on the longer transmission 
distances echoes have been observed on frequencies 
higher than that at which the high-angle and low- 
angle rays join (the so-called classical MUF). Such 
extensions have been observed on both the 1,150-km 
and the 2,370-km paths in the United States. 

In figure 15 are sample records taken over the 
1,150-km path showing two occurrences of MUF 
extensions, one on the F'l-layer trace by day and the 
other on the F2-layer trace in the early morning. In 
the sweep of 1146, April 3, 1952, we see that the 
junction of the high-angle and the low-angle rays 
cannot easily be determined but probably occurs at 
about 9.5 Me whereas the maximum observed fre- 
quency for the F1 trace is near 10.3 Me. In this 
case there is difficulty in distinguishing between the 
F1 trace and the two-hop F trace. Note, however, 
the absence of any such extension on the ordinary- 
and the extraordinary-F2 traces. 

Sweeps showing MUF extensions on the 2,370-km 
path are shown in figure 16. It will be seen that the 
extension has been observed both by day and by 


night. Figure 16a is a fairly typical winter-day 
sweep. We see that the high-angle and low-angle 


rays merge near 21.1 Me whereas the maximum 
observed frequency is about 23.4 Mc. Even if we 
extrapolate the lower edge of the high-angle ray trace 
(about 22.0 Mc) there is still an appreciable extension 
of about 1.4 Me. Figure 16b is an early morning 
record which shows an MUF extension about 0.6 
and 1.0 Me depending on the procedure used in 
determining the MUF (see sec. 3a). It should be 
emphasized at this point that this phenomenon is 
not always observed. Figure 17 shows a relatively 
common sweep taken on the Boulder to Sterling 
circuit which shows no extension whatsoever. 

The extension is greatest during winter days and 
is only occasionally observed during the middle of 
the winter nights. The diurnal variation of the 
median extension of the F2 trace for the winter of 
1954 to 1955 is shown in figure 18. The extension is 
practically nonexistent between the hours of 2030 
and 0230, and there is a marked dip in the curve near 
noon. It may be relevant to note that the dip, which 
occurs between about 0800 and 1600, is coincident 
with the solar enhancement of the D and £F layer 
ionization. The extension may thus be influenced 
by the electron distribution below the F2 layer. 

The histogram in figure 10 for the longer path 
gives a median winter-day difference between maxi- 
mum observed frequency and calculated MUF of 
about 7 percent. It has been pointed out above 








that whereas this median difference was higher than 
that indicated in figure 7 for the shorter path, figure 
7 (for the Sterling to St. Louis path) is a plot of 
percentage difference between classical and calcu- 
lated MUF’s. Figure 18 is an indication of the 
reason for the major difference between figure 7 and 
figure 10. The 4 percent to 5 percent median MUF 
extension from figure 18 may be applied as an approxi- 
mate correction to the 7 percent difference seen in 
figure 10. The corrected difference of about 3 per- 
cent agrees well with the short-path result given by 
Wieder. For the paths used in the Bureau experi- 
ments, it appears then that the error, i.e., the differ- 
ence between the calculated MUF and the classical 
MUF,, is independent of path length. 


3.3. Other Phenomena 
a. High-Angle Ray 


For many years in radio communications fore- 
casting the high-angle ray was neglected in com- 
parison with the low-angle ray on the basis that, 
except near the maximum frequency, deviative ab- 
sorption and purely geometrical defocusing would be 
excessive. This argument is supported by sweeps 
such as that shown in figure 19 in which only the 
low-anglé ray of the one-hop echo is observed. On 
the other hand, there are times when the high-angle 
ray may be important relative to the low-angle ray. 
Such conditions are especially prevalent during sum- 
mer days as seen in figures 20a and 20b. In figure 
20a we see that for 1,150 km the low-angle ray is 
completely absent for the one-hop mode, whereas 
the high-angle ray appears to be relatively strong 
and decreasing in delay time up to about 9.3 Mc; above 
that frequency the signal is cut off because of the 
increase in the angle of incidence. In figure 20b 
we see that in the frequency range between 5 and 
6 Mc the high-angle ray (ordinary wave) appears to 
be much stronger than the low-angle ray, probably 
because of reflection of the low-angle signal by the 
intense sporadic-/ which can be seen at frequencies 
up to about 18 Me. 

This explanation for absence of the low-angle ray 
is illustrated in figure 21. The low-angle ray is 
incident on the sporadic-F layer at a larger angle 
than the high-angle ray and may, therefore, be 
reflected by Es at substantially higher frequencies 
than the more steeply incident high-angle ray and 
will not, under these conditions, be received. 


b. Low-Frequency Cut-Off 


As the transmitted frequency is increased from its 
lowest value, we often notice that the first signals 
to appear at the receiver are those which have suffered 
two or more reflections at the ionosphere. Two 
cases of this phenomenon are shown in figures 22 and 
23. The former is a case where over the 1,150-km 
path sporadic-E cuts off the one-hop signal almost 
completely, whereas the two-hop echo, which pe e- 
trates the £ region at a different locality and with 
a smaller angle of incidence, comes in strongly above 


164 





than 
Pure 
t of 
eu- 

the 
and 
[UF 
‘OXI- 
n in 
per- 
1 by 
eTI- 
ffer- 
sical 


APRIL 3, 1952 





+ 


100 km 


+ 


ore= 
om- 
lat, 
ab- 
| be —_— 
the 5 10 15 
On 1146 

gle 

‘ay. (a) 
im- 
ure 
7 18 

te SEPTEMBER 12, 1952 
ove 
the 
0b 
und 
; to 
bly 
the 
1es 





° 
. 
. 
pe 
. 





ray 

is 
cle 
‘be 
1es 
nd 


its 
als 
rod 
vo 
id 0652 

=" (b) 


1i@- 





FicurE 15. Sterling to St. Louis sweeps showing the presence of MUF extensions. 
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The winter diurnal variation of the percentage MUF extension for the Sterling to Boulder path. 
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Winter sweep showing the absence of the Pedersen ray signal over the Sterling to St. Louis path. 
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Ficure 20. Sterling to St. Louis sweeps with examples of relatively strong Pedersen rays. 


168 











yy 





-~\|~-HOP HIGH - ANGLE 








R 


T 
Illustration of the way in which the 1-hop low-angle ray may be cut off by the E layer while the Pedersen ray and the 


Vicure 21, 
2-hop mode can propagate between transmitter (T) and receiver (R). 


MAY 15, 1952 








ee. & ; i 
— , . “ ' ee eo _ 
' ee |! a 2 q tacn, | 4 ! 
- oe ES Se ewe Ses 
% ; = 
j 4; A 2 }2 % a? 4 1 
- stipecasichitplpatnnensncin 
| ; 
i 4 HY : H y nae ie 2 
{ ' ‘aie t 
| 3 ry P : - a Se oe 
A * 
| Ls ¥ : * 
t ¥; " ee ; 





100 km 








a we 
£. 



























































= 
. We Pee i 4 g 2 ? E| 
: Ras Ge TT +t ES 
4 + iGo) oS ed wae tae tea i 
42 ¢ Pi : 4 Wy NT F > . ee oe 
; ga cf cle op aa ze aa | 
Ses rages ees si - es ee 
. + . ++ ee 
; ai',4 ' 5 2B sli 
Snes ae opt -— a ro = ae ee eee oom 
THT Tee tt 
# 4 ” be ; 4 . ¥ 7 
4 i 
25 





Figure 22. Low-frequency cut-off on the Sterling to St. Louis path. 
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Figure 23. Low-frequency cut-off on the Sterling to Boulder path. 
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4.7 Mc. It will be seen that the high-angle rays of 
both modes have lower observed frequencies than 
the corresponding low-angle rays. Figure 23 shows 
the same phenomenon for the 2,370-km path. We 
see that the trace having the lowest frequency at 
which echoes appear is the three-hop F2 at a fre- 
quency of about 6.8 Mc, whereas the one-hop echo 
first appears at about 9 Mc. (Refer to figure 21.) 
Sulzer [15] attributed this phenomenon to antenna 
patterns but the lowest observed frequencies are in 
good agreement with the E-layer cut-off hypothesis, 
and we conclude that the effect of antenna pattern is 
of secondary importance. 


c. Separation of the Ordinary and Extraordinary Rays at the 
MUF 


As the distance of transmission is increased, the 
maximum frequencies of both the ordinary and the 
extraordinary waves are increased. However, the 
separation between the two MUF’s decreases with 
increase of distance. This frequency separation 
depends upon the angle of incidence; the frequency; 
the strength of the magnetic field; and, to some 
extent, on the direction of propagation with respect 
to the magnetic field. 

In figure 24a we see that the effect of refraction 
in the lower layers is to increase the frequency 
separation of the ordinary and extraordinary MUF’s. 
This is a result of a decrease in the angle of incidence 
of the ray at the F2 layer. The separation is about 
0.6 Me. 

In figure 24b we see the effect of angle of incidence 
by comparing the MUF separations for the one-hop 
and two-hop modes of propagation where the separa- 
tions are about 0.3 and 0.6 Me, respectively. Part 
of this change may be due to the lower maximum 
frequencies of the two-hop signals since even at 
vertical incidence the critical frequency separations 
between the ordinary and extraordinary rays increase 
as the critical frequencies decrease. This argument 
cannot be applied to the case in figure 24a since the 
F2-layer MUF’s in both figures 24a and 24b are 
practically equal (around 7.2 Mc). Note in the 
one-hop mode how for a given ground range the 
frequency separation increases with increase of 
group path. 

A statistical analysis has been made to find the 
mean separation of the MUF’s for east-west propa- 
gation in the United States. The separations refer 
to the one-hop mode for the 2,370-km path, the one- 
hop and two-hop modes for the 1,150-km path and 
the vertical-incidence data. The results are plotted 
in figure 25, where it is seen that, on the average, the 
separation falls off steadily with distance from about 
0.8 Me at vertical incidence to about 0.2 Me at 
2,500 km. 


3.4. Discussion of the NBS Results 


The experiments described above have shown that 
over the distances of transmission concerned (1,150 
and 2,370 km) the F2 layer is not always the layer 
which determines the MUF. Sporadic-£ is of par- 
ticular importance on the shorter path and usually 





determines the MUF during the sunlit periods of the 
summer months. Sporadic-£ is not only important 
in determining the MUF but it may also decide the 
lowest observed frequency because of cut-off. Thus 
it is clear that MUF predictions based solely on 
regular layer propagation are of limited value over 
»aths of the order of a few thousand kilometers in 
Seah. It follows from this that tests of the accu- 
racy of regular layer prediction methods based on 
times of fade-in and fade-out of CW signals may be 
highly misleading. Again, during the summer day- 
light periods, the F'l layer is important in deciding 
the MUF especially on the 2,370-km path because 
the one-hop F reflection is generally nonexistent. 
The F1 layer is relatively more important during 
periods of low sunspot activity when daytime foF2 
sinks to relatively low values and also during mag- 
netically disturbed periods. 

The F2 layer is, however, the dominating layer by 
night at all seasons and throughout the winter day 
except for short periods when sporadic-L may be 
present. 

Perhaps the most important aspect of the oblique- 
incidence experiments is the relationship between 
vertical-incidence data and oblique-incidence data. 
The first feature of interest is the close correlation 
between the temporal changes (both long and short 
term) between the observed MUF’s and the calcu- 
lated MUF’s. The calculated MUF’s are, on the 
average, some 3 percent lower than the observed 
values. This percentage difference is fairly con- 
sistent especially during the winter months. The 
source of this systematic error must lie in the 
assumptions in the theory underlying the Smith 
transmission curves. The essential assumptions 


made in the calculation of these curves are: 1. The 
geometric optical approximation is valid. 2. The 


influence of the earth’s magnetic field can be ne- 
glected. 3. The effect of ionosphere curvature can 
be accounted for by a correction factor k which 
varies with distance of transmission only. 4. The 
ionosphere is spherically stratified. 5. Tropospheric 
refraction is negligible. The first assumption, 1.e., 
the applicability of geometric optics, probably needs 
some modification near the MUF. This is espe- 
cially so in the case of pulse propagation where the 
signal is composed of components spread over a 
fairly wide frequency range. For instance, when 
the carrier frequency is at the ray MUF, half the 
frequency components have frequencies above the 
MUF. Some modification of the variation of 
amplitude with frequency near the MUF will result 
from the application of wave theory but the effect 
on the value of the MUF is probably slight. 

The influence of the earth’s magnetic field on the 
ray path is usually small over the frequency range 
covered by the oblique-incidence work describe: 
above, except during the winter nights when the 
MUF falls to around 3 to 4 Me. At these frequen- 
cies the frequency separation between the ordinary 
and extraordinary MUF’s shows a noticeable increase 
over the separation at the higher frequencies. The 
important thing about the effect of the magnetic 
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Fo wre 24. Sweeps showing the dependence of the frequency difference between the ordinary and extraordinary MUF’s on group 
retardation and angle of incidence for the Sterling to St. Louis path. 
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field, however, is that it always tends to increase the 
ground range of the ordinary wave as compared with 
the case with no magnetic field. In other words, the 
effect of the field is always to reduce the MUF 
which is contrary to the observed phenomenon. The 
only exception to this is the case of east-west propa- 
gation along the magnetic equator where the MUF 
is unaffected by the magnetic field. 

Wieder [14] has suggested magnetoionic devia- 
tion coupled with short-term variations in ion 
densities (and their geographical and temporal dis- 
tributions) as a possible cause of the dispersion of 
the differences existing between the calculated and 
measured MUF’s. Such an explanation holds, of 
course, only if the point of reflection for the oblique 
ray is located at an appreciable distance from that 
for the vertically incident ray (at an equivalent 
frequency) and if, in addition, appreciable horizontal 
gradients in ion density sometimes exist in the dis- 
tance that separates the reflection points. 

It is difficult, because of the number of parameters 
involved, to state with any generality the magnitude 
of the effects of magnetoionic deviation. However, 
insight into the general problem is given by applica- 
tion of Booker’s [24] semigraphical method for the 
following conditions: 


a. Horizontally stratified parabolic layer of 100- 
km semithickness; 

b. Gyrofrequency, fy=1.5 Me; 

c. Magnetic dip=70°; 

d. Vertical plane containing direction of phase 
propagation perpendicular to vertical plane contain- 
ing magnetic field direction (east-west propagation) ; 

e. Angle of incidence for oblique ray, 6=60°; 

f. Frequency (f), propagated obliquely=15 Me 
(fu/f=0.1); and 

g. Vertical incidence (equivalent) frequency, f 
cos 9=7.5 Me (fz/f=0.2). 








The results of the computation of the magnetoionic 
deviation for layers having ordinary wave critical 
frequencies (fy) of 7.5 and 10 Me are given in table 1. 


TABLE 1 





Ordinary ray Extraordinary ray 


Vertical inci- | Oblique inci- | Vertical inci- |Oblique inei- 


dence dence dence dence 
H | D H | D H | D | D 
fo=7.5 Me 100 46 100 2.5 | 55 2.8 | 88.5 15 
fo=10 Me 33.9) 4.3) 33.9] 0.5 25.8 12; 31.8] 04 


H—height of reflection in kilometers above the bottom of the layer. 
D—distance in kilometers of reflection point from the vertical plane containing 
the ray incident on the layer. 


The first case listed (f>=7.5 Me) is one which can- 
not arise in practice; 1e., reflection of the oblique 
ray from the level of maximum ion density. 
For the flat earth, this corresponds to an infinitely 
great transmission distance. But it is notable that 
even here, the deviation of the obliquely incident 
ray is probably negligible (2.5 km computed), 
although the deviation of the corresponding § ver- 
tically incident ray is not. The second case is of 
greater interest from a practical standpoint (reflec- 
tion well below the level of maximum ionization), 
and here it is seen that neither ray (vertical or 
oblique) is deviated far from the plane of incidence. 
Although, in a distance of about 4 km (difference in 
computed deviations for the vertical and oblique 
rays at reflection), disturbing turbulence or gradients 
may well exist, these same disturbing elements could 
seriously affect the ray paths even if the effects of 
the magnetic field were neglected. The fact that 
the ionosphere is not uniform, i.e., not horizontally, 
or spherically stratified (the oblique ray ‘‘samples” 
this nonuniform medium over a relatively great 
distance), appears to be more pertinent to an ex- 
planation of the disagreement (or the variations in 
the amount of disagreement) between calculated and 
observed MUF than the magnetoionic deviation. 

Interest in the magnetoionic deviation is then, 
more-or-less, academic, but it may be worthwhile 
to summarize the results of computations based on 
Booker’s method. For east-west propagation, as 
the penetration into a given layer increases, either 
because of decreasing angle of incidence or increasing 
frequency, the amount of magnetoionic deviation 
increases. The extraordinary ray is deviated less 
than the ordinary at all latitudes and for all angles 
of incidence (except at the equator where neither ray 
is deviated out of the plane of incidence). for 
north-south propagation (in the vertical plane con- 
taining the magnetic field direction) no magneto- 
ionic deviation out of this plane is experienced, }ut 
the path in the ionosphere is asymmetric, reflection 
points being toward the pole (ordinary) or toward 
the equator (extraordinary) from the path midpoint 
by distances of the same order as the lateral devia- 
tions suffered over an east-west path. Also, for 
north-south propagation the ordinary ray is reflec.ed 
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from a higher level and the extraordinary from a 
lower level than is the case for an east-west path. 
This effect, although probably relatively unimpor- 
tant, should be kept in mind when comparisons are 
made between north-south and east-west paths. 

The possible error in the transmission curve 
k factor was discussed by Wieder, who concluded 
that the average discrepancy of 3 percent was 
unlikely to be due to the k error. This conclusion 
is, however, somewhat uncertain and it is of interest 
to consider this point a little further. The & factor 
depends in a complicated way on the electron dis- 
tribution in the ionosphere and varies, to some 
extent, with the height of reflection and angle of 
incidence. The k is, therefore, not constant for a 
given distance of transmission as was assumed in 
the theory underlying the transmission curves. 
The variation of the ratio (f/f’) with virtual height 
of reflection is shown in figure 26, where f’ is the 
vertical-incidence frequency equivalent to a fre- 
quency f at oblique incidence. This figure, due to 
Wieder, shows that for low virtual heights of reflec- 
tion the empirical values of f/f’ are larger than sec 
®, while at high virtual heights this effect tends to 
diminish. It will be noticed that the high values of 
virtual heights were obtained during the summer and 
are brought about by group retardation in the lower 
lavers. They do not, therefore, represent the true 
heights of reflection. 

One of the assumptions on which the transmission 
curves are based is that there are no horizontal 
gradients of electron density in the ionosphere. 
There is now considerable evidence for both large 
scale and small scale irregularities in the ionosphere, 
the large-scale gradients being known as tilts. 
Wieder, in discussing the effect of a north-south 
gradient on the calculation of MUF’s, pointed out 
that “the northward deviated vertical-incidence 
ordinary wave encounters systematically lower 
densities than the obliquely incidence wave.” We 
have seen above, however, that the lateral deviation 
on the equivalent vertical-incidence frequency is 
only about 4 km greater than the lateral deviation 
of the oblique ray at an angle of incidence of 60°. 
Hence, it appears unlikely that this would explain 
the observed discrepancy. 

It has also been suggested that tilts might account 
fur the discrepancy, but if the presence of a tilt 
shifts the point of reflection of the obliquely incident 
ray, then it should also produce a corresponding 
sift in the point of reflection of the vertically 
incident ray on the equivalent frequency. 

{nother point of considerable theoretical im- 
j ortance is the origin of the so-called “MUF exten- 

n”’. D. K. Bailey has suggested that the exten- 
s om is the result of a modification in the angle of 
i -idence of the ray on the F layer due to scattering 
© energy by irregularities in the # region. Such a 
1 echanism would account for signals on frequencies 
© ove the classical MUF as would reflection from a 
righ F layer. One might expect some correlation 
\ ‘h sporadic # on this hypothesis; so far very little 


© vrelation has been found. 
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Figure 26. Graph illustrating the variation of the observed 
ratio of f’/f with equivalent height over the Sterling to St. Louis 
path. 

f’=the vertical-incidence frequency equivalent to the frequency f. The full 
line is the sec ®o line. 


4. Conclusions 


The results of the oblique-incidence experiments 
at the Bureau are in general agreement with those 
made by other laboratories. In particular, the dis- 
crepancy of about 3 percent between the observed 
and calculated MUF is similar to that found else- 
where, except that no marked percentage increase 
appears to occur with increase of distance as reported 
by the Japanese [16]. The latter probably refer to 
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the maximum observed frequency, whereas the 
former refer to the classical MUF. The relative 
importance of the high-angle ray during summer has 
been confirmed in nearly all the other published 
work on the subject. 
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Fields in Electrically Short Ground Systems: 
An Experimental Study 
A. N. Smith’ and T. E. Devaney’ 


(April 20, 1959) 


An experimental study of magnetic field distribution in a simplified radial ground 
system on poorly conducting soil under an electrically short, toploaded monopole is described. 


It is shown that the distribution is that expected from the theory of J. 


R. Wait in those 


portions of the radial system satisfying the assumptions of the theory, and that the theory 
may still be successfully applied for H-field power loss computations even when this is not 


fully the case. 


The particular model system studied exhibits a condition suggesting damped 


standing waves on the radials in the area where the radial spacing exceeds that required 


by the theory. 


1. Introduction 


For an electrically small monopole, the ground- 
system power losses very often are a controlling 
factor in radiation efficiency. The decision to con- 
struct at Cutler, Maine, a new high-power, very-low- 
frequency station with specified efficiency greatly 
exceeding that of any such existing station has thus 
resulted in a large amount of recent interest in 
ground-system design. 

The final ground-system configuration for Cutler 
came basically from computations based on Wait’s 
[1, 2, 3] equivalent surface impedance formula for 
radial current (/7-field) power loss for a plane, radial 
grid of wires laid with perfect contact on an earth- 
air interface; and from design modifications brought 
about according to ground charging current (/-field) 
power loss computations based on formulas due to 
Abbott [4], Wheeler [5], and Wait [6]. The sound- 
ness of the theoretical design was partially and in- 
directly confirmed at the U.S. Navy Electronics 
Laboratory, San Diego, Calif., by comparing losses 
derived from impedance measurements [7] with 
those computed from theory for a model toploaded 
vlf monopole over a radial-wire system and also over 
a perfectly conducting ground [8]. A somewhat 
more direct test of theory was made by W. G. Hutton 
and others of Smith Electronics, Inc., Cleveland, 
Ohio [9, 10], who measured the field distribution (mag- 
nitude only) in a full-seale, fan-shaped ground-system 

ector constructed at the Cutler site. An analysis 
f his data by Wait [11] showed that the measured 
ield distribution did indeed generally agree with 
hat expected from a division of ground system 
urrent according to the surface impedance ratio 
erived from the theory. 

However, there existed sufficient uncertainty about 
ome conditions in all these experiments that a re- 
ned field-distribution study seemed desirable. 
\ccordingly, a phase- and magnitude-measurement 
rogram was carried out on the vif model previously 
sed for impedance measurements. The dual ob- 
‘ctive was to test the validity of the theory and to 
ivestigate more adequately the direction and degree 
‘departures therefrom those existing in the model. 


'U.S. Navy Electronics Laboratory, San Diego, Calif. 
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2. Theoretical Discussion 


The working formula for ground loss FP, in terms 
of the azimuthal magnetic field /75(p,9) at the surface 
of the ground (@=0) referred to the antenna feed 
point where current J, flows is 


1 ae is , 
R,=Real part of ra Z|H5(p,0)|?2rpdp. (1) 
od Vi 


This equation is derived [2, 3] from the incremental 
Poynting vector flux due to the tangential component 
(E,) of electric field arising from the finite conduc- 
tivity of the soil. In the derivation use is made of 
an approximate boundary condition through which 
the flux is expressed in terms finally of /7,, the mag- 
netic field of the monopole over an infinitely con- 
ducting ground. For convenience the integration is 
performed over two regions, 7;<p<r, and p2r, 7 
being the length of the wire radials, since, in the 
area occupied by the ground system, the surface 
impedance Z is the combination of wire impedance 
Z, and soil impedance Z, and in the remainder it 
is simply Z,. 7; is the inner extremity of the radials 

The five major assumptions made in deriving equa- 
tion (1) are stated below. 

(1) The approximate boundary condition L,=ZH¢ 
is used, requiring that pH change slowly in a distance 
d=|y~'| where y=[iuo(o+iwke,)]’” is the propaga- 
tion constant of the soil. 

(2) The combined surface impedance varies slowly 
in |y~}]. 

(3) The radial wire screen of N radials in any 
small region a distance p from the antenna base 
equals that of a grid of parallel wires of the same 
mean spacing s=2zp/N, i.e., Zo=(ims/d) In (s/27¢) 
where 7,=377 ohms, and ¢ is the wire cross section 
radius. This requires the condition s<\y,~'| where 








el ee ee : : 
(4 r) is the effective propagation constant 


of the composite medium at the interface (y,=78). 
(4) To replace the actual magnetic field H, by H% 
at the surface of the ground it is necessary that 
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ly-"|<1/8, i.e., the soil skin depth be much less than 
a free-space electrical radian. 

(5) The surface impedances of screen and _ soil 
must combine as simple parallel impedances, i.e., 
mutual coupling and potential differences between 
wires and soil are zero, so that 


within the ground system. 

These assumptions must be satisfied in setting up 
any direct experimental test of equation (1). 

Since this paper is largely concerned with the field 
structure due to division of current in the ground 
system according to assumption (5), its implications 
are now developed. The total ring current crossing 
a cylindrical boundary of radius p drawn about the 
monopole base as a center is /,=J/,+],=2mpHs. 
Normalizing with respect to base current (hg=H/J,) 
and removing the factor 2p, assumption (5) leads 
to 


he=heZs|(LotZs) theZwl(ZwtZs)- (3) 


The first term on the right of (3) corresponds to 
wire current J,. Letting J,/J>=Nin, so that 7, is 
the normalized current in one radial wire, the J, 
term is seen to be exactly Ni,,/2rp. Hence the mag- 
netic field h, at a field point d meters from the wire 
center is 


hu=hgpZ,|Nd(Zu+Z,)- (4) 


The second term on the right of (3) corresponds to 
current in the soil J;, and in fact is 7,/2rp, where 
4;=I1,/Ip. If the wire centers lie exactly in the plane 
of the earth-air interface, then the magnetic field 
tangent to it, h,, can be simply evaluated by applying 
Ampere’s law to the path illustrated in figure 1, where 
n, the number of skin depths 6 from the surface to the 
portion def of the path, is so large that /Z, along it is 
negligibly small. At the interface there is no tan- 
gential contribution from the wires themselves, and 
along the vertical portion the contributions cancel. 


Hence 


2rph,=Ni.,,/2 +71. (5) 
Subtracting this from (3), it is seen that 


_h, ye 


" - : (: TZ 4Ze P (6) 


That is, in the plane of the wire centers the total 
tangential field is the incident field of the downlead 
plus a contribution due to the induced current flowing 
in the soil. The wires carry only a portion of the 
image current. In the special case of a wire counter- 
poise and no soil, the second term vanishes, and all 
the image current flows in the wires. In the case of 
infinitely conducting ground, on the other hand, the 
second term also equals h./2 (perfect reflection), the 
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FicurE 1. Integration path for evaluating hy. 


distinction between h, and h, is lost, and the total 
field is just hg. 

From the above considerations one sees that to 
determine the validity of the theory of H/-field power 
losses, it is sufficient to observe that the fields h,, and 
h, satisfy equations (4) and (6) when assumptions 
(1), (2), (3) and (4) are met. 


3. Experimental Procedure 


In the Cutler design [11] and in the NEL models 
used for the impedance measurements, soil constants 
and ground system parameters were such that as- 
sumptions (1), (2), and (3) were certainly met except 
at points either very close to the downlead or within 
a soil skin depth of the radial ends. For the purpose 
of the present experiment, condition (4) was regarded 
as an object of interest, while condition (5) was the 
main point at issue. 

Preliminary computations indicated that there 
would be sufficient individual wire current to yield 
usable signal for the instrumentation employed only 
if relatively few radials made up the ground system. 
This condition was required also to insure that the 
signal from a field point over a wire would be large 
compared to that from the nearby soil current, and 
moreover to insure that the wire field would not con- 
tain significant contribution from adjacent wires. 
To a radius of 100 ft the soil surface to a depth of 
several inches was stripped of all old radials, vegeia- 
tion, and inhomogeneities, and was regraded. Eight 
No. 30 bare copper wires 40 ft long were lad, 
stretched, and covered with a thin layer of mud to 
make contact with the interface as ideal as possible. 
The inner termination was a 1-ft-radius brass plete 
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vrounded to six 18-in. copperweld rods; the outer 
‘erminations were \% in. by 6 in. galvanized boat 
nails. Later, another set of eight radials was run in 
between the originals. Finally all were extended to 
80 ft. The antenna was otherwise left as it had been; 
it is a somewhat conical, 36-radial topload supported 
at its periphery by a hexagonal spreader stretched 
over six 8-ft insulated galvanized iron pipe towers 
symmetrically spaced on a 13-ft-radius circle; the 
central support is the 12%-ft downlead. At 1.5 Me, 
the only frequency employed for both phase and 
magnitude measurements (an extensive series of 
magnitude distribution studies was made at 3.0 as 
well as 1.5), this structure on an ideally conducting 
ground has a base impedance of (0.40-7290) ohms, 
and has an effective height of 7% ft. 

Figure 2 shows the measurement scheme. It 
comprised two 1-in.-radius, shielded, 20-turn pickup 
coils C, and C, connected by their coax lines and 
trimmers T, and T, through similar d-c amplifiers 
A, and A, to the deflection system of an oscilloscope. 
Coil C; was kept at the reference point 1 ft from the 
downlead over a radial wire, while C, was the ex- 
ploring coil. Both coils were oriented for maximum 
coupling, and the shields of both were insulated 
from direct contact with soil or wires. An RC phase 
shifter could be introduced into the circuit of one of 
the coils in order to sense the absolute direction of an 
observed phase shift. Base current was monitored 
by a calibrated milliammeter. The sensitivity of the 
field-detection system was obtained by comparison 
with readings on a field-strength meter (f-s meter 
No. 1) set up beyond the radials, and also by meas- 
urement of the induction field of a known, long, 
straight current filament. Harmonic content of the 
antenna current was checked as a part of the cali- 
bration procedure. 

Since the distance d from wire to field point was 
of the same order as the loop diameter (d=1.94 in.) 
the field cannot be considered uniform over the coil 
area. The average field h, actually measured is re- 
lated to the value at the field point by a factor 

















IGURE 2, Scheme for measuring field magnitudes and phases. 








hw»=Fh.» where for coplanar radial and coil turns 


Pr. ens 7 
= 9d?(1—/1—B a2) (7) 


For the coils used this amounted to 0.80. Calibra- 
tion against f-s meter No. 1 gives h,.=KS,/Jo, where 
S,, is the deflection developed on the oscilloscope, 
and K is the calibration figure. Stability of K 
turned out to be to within a percent over an ex- 
tended period. 

For measuring the field between the wires, small 
trenches were dug and the coil centers alined in the 
plane of the wires within one-fourth in. These 
measurements were done largely along the bisectors 
of the angle between adjacent wires, but explora- 
tion was also carried out azimuthally for several 
fixed values of p to test for constancy of field be- 
tween wires. 

The test of equivalence of H, and H?; was a 
comparison between the near-zone field measured 
for the antenna over the brass center plate only and 
the values computed from Wait’s formula [12] 


o__ Age *8° cat Wis —1/(,/ bike! ; 
H?= ‘ie | (aaa) +7Bp tan-'(h/p) |+-D (8) 


where D is the contribution to H from the topload 
disk, and h is the height of the disk above the ground 
(also taken to be the effective height). This was 
done using an untuned probe with a second field- 
strength meter calibrated against f-s meter No. 1. 
Later a partial confirmation was had from a top- 
loaded monopole set up over a small ground system 
half of which was hardware-cloth mesh, the other 
half consisting of 25 radials. 

Finally, it was necessary to know something about 
the electrical characteristics of the soil. To deter- 
mine these, the properties of short, known lengths 
of buried open-wire transmission lines of several 
spacings were measured at the frequencies of interest. 
From this information the electrical constants of 
the medium were derived; the best values for 1.5 
Me appeared to be conductivity o=0.010 mho/m, 
dielectric constant k=50. 


4. Discussion of Results 


Figure 3 shows the results for the test of assump- 
tion (4). In general, the agreement between the 
measured hy and theoretical hf is good. The de- 
parture within the periphery of the topload is not 
unexpected inasmuch as (a) the topload was some- 
what conical rather than flat as assumed in com- 
puting Aj, and (b) the soil constants imply a skin 
depth of about 12 ft at 1.5 Me, so that at no point 
under the topload can the currents be regarded as 
flowing in a plane, radial sheet without vertical 
divergence, which has the effect of decreasing the 
apparent field. The increase in hz over the theoreti- 
cal curve beyond the topload seems to be mostly 
due to an 8 percent calibration error discovered in 
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Figure 38. Comparison of measured and theoretical h@ for 
homogenous, poorly conducting ground. 


f-s meter No. 1 after the conclusion of the experi- 
mental program. Thus for soils no poorer, 
relatively speaking, than that in this experiment, 
confirmation seems to be had of the propriety of 
replacing hg by Af in H-field power loss computa- 
tions for the region beyond the ground system. 
Analysis of the radial ground system experiments 
proceeds from the observation that there seems to 
be only qualitative agreement between theory and 
experiment, and a significant difference between 
phenomena in the 40-ft system and those in the 80-ft 
(see figs. 4, 5, and 6). It is first in order to deter- 
mine the degree to which these somewhat sketchy 
ground systems satisfy the assumptions of the theory. 
Since pH changes at most by a factor of two in 
the ring 6<p<26 (6 being the skin depth) and less 
rapidly thereafter, the first assumption appears to 
be met fairly well except for the area under the top- 
load. The second assumption also appears to be 
satisfied for the same range of p for the 16-radial 
ground system, but not for the eight. The third as- 
sumption was not satisfied by the 80-ft 16-radial 
system for p> 40 ft; only poorly in 20 ft <p< 40 ft, 
for both 40- and 80-ft systems; fairly well in p< 
20 ft. In the eight-radial system it was not satisfied. 
Assumption (4) seemed to be well satisfied not only 
from the fact that at 1.5 Me |y|=108, but also from 
the experimental confirmation discussed above. 
Finally, assumption (5) seemed to be only approxi- 
mately satisfied. Azimuthal sweeps at constant p 
over a quadrant of the ground system showed con- 
stancy in |h,| within a few percent for all locations 
except those within a horizontal distance of 0.1 6 to 
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Ficure 5. Comparison of measured and theoretical magnitude: 
over and between wires of 80-ft 16-radial system. 


Dash-dot curve is empirical i,=Aeve+ Be—e, 
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40- and 80-ft 16-radial ground systems. 
l’ositive phase represents lead relative to downlead current. 


the wires, where it showed a decided decrease. This 
one should expect from the interaction of fields of 
the parallel-flowing wire and soil currents, but the 
effect is quite localized. 

With reference to the above, then, for p< 20 ft 
measured |h,| should be expected to fall below the 
computed values. Figures 4 and 5 show this to be 
true for both 40- and 80-ft systems. However, for 
p> 20 ft, the behavior of |A,| is distinctly different, 
the 40-ft system showing reduction in |A,| at all 
points, while the 80-ft system shows an enhancement. 
In the 40-ft system, the wire field in the first 10 ft 
is very nearly that predicted by current division 
according to parallel impedances, while for the 80-ft 
system agreement is only fair. In both systems, 
beyond 20 ft an increasing departure between meas- 
ured and computed |h,| is evident, the nature of 
Which appears different for the two situations. 

It is tempting to say simply that, since beyond 
20) ft the spacing s between the wires violates the 
condition s<<|y-~"|, they are acting no longer as a 
rid but as a collection of N independent, parallel, 
rent filaments, each of whose internal impedance 


oo 


/ =R,+jX, is given by the usual formulas [13]. 
S ch a radial wire mesh would have at a distance p 
fi m the common center an equivalent surface im- 
plance of Z,=2rpZ;,/N. At 40 ft, the sixteen No. 


- copper - radial system would by this have 

2.89/38.1°. Since the soil impedance in parallel 
1,=33.1/32.7° for o=0.010 and k=50, eq (4) 
\ ald yield h,=0.0475 m~ for this distance; for 
p 60 ft, h»=0.022 m-!. Experimentally, one finds 
in ‘he 40-ft system h,=0.055 at 39 ft; in the 80-ft 
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system, 0.052 and 0.0183 at 40 and 60 ft, respec- 
tively. Such agreement seems good until one ex- 
amines the relation between observed and predicted 
phases, particularly in the light of the contrasting 
behavior of |A,|, for the two radial lengths, in the 
region p> 25 ft. Thus, it would seem that the 80-ft 
system acts not merely as a grid of independent 
wires in parallel with the soil in the outer two thirds. 
The nature of the departure of |/,,| from the theo- 
retical values is somewhat suggestive of standing 
waves. Assuming a transmission-line mode of be- 
havior, one represents the current 7, in the wire at a 
distance x from some reference point by [14]. 


ing = Act + Bem’, (9) 


where y- is the effective propagation constant of the 
medium surrounding the wire, and the ratio B/A is 
the reflection coefficient. Regarding the outer ter- 
mination as the origin and looking back toward the 
downlead as the generator, the empirical fit with 
the experimental curve illustrated by the dash-dot 
curve of figure 5 is obtained for y=0.10+70.197, 
A=1, B=—%, i.e., a lossy line terminated in an im- 
pedance higher than its characteristic impedance. 
Confirmation is had from the figures for ¢ and k 
derived from y?7= (yo? +y77)/2. These are y=0.0064 
mho/m, and k=56.4; also A=32 m, and v=0.16 ¢ 
where ¢ is the velocity of light in a vacuum. The 
buried-transmission-line Measurement gave respec- 
tively 0.010, 50, 30, and 0.15, which is a fairly reason- 
able agreement. Since in actuality the wires were a 
little below the interface, ¢ and k& probably were be- 
tween the above and the values 0.0033 and 29, re- 
spectively, obtained from y=y, (completely buried 
wire). 

The observed phases seem to fit generally with the 
above picture. The change should be 180° in 
\/2=16 m. The measured wire field phase referred 
to the downlead does not change by 180° in this 
distance, but advances more slowly at the rate of 
1.90°/ft instead of 3.40°/ft. However, if at each 
point one considers the total phase change of wire 
field with reference to that at the same radius, 
the combined change is 1.86°+1.29°=3.15°/ft, out 
to about 50 ft where the total difference is about 
130°. The return toward zero for the phase of 
the field between wires for p>50 ft may be due to 
masking of the standing-wave circulating-current 
field in the soil by the incident downlead field. In 
the case of the 40-ft system, some evidence of the 
same thing shows up in the phase progression where 
in the soil it is 2.5°/ft, in the wire 1.3°/ft, total 3.8°/ft, 
but the magnitude curves, figure 4, show no recog- 
nizable standing wave characteristics. This may be 
because the region of independently acting radial 
length is considerably under half a wavelength (for 
the wire in the interface). 


5. Conclusions 


In both the 16-radial systems as well as in the 8- 
radial, it appears that a substantial potential differ- 
ence existed between the wires and the soil. Hence, 
in no case studied experimentally can the grid and 
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soil be considered as surface impedances in simple 
parallel combination. However, in those regions 
where the ground-system parameters satisfy the 
remaining four assumptions made in the theory, the 
observed fields seem to agree with the predicted ones 
fairly well. In view of the similarity of soil condi- 
tions for the present experiment and the previous 
impedance studies on systems of many radials, it is 
likely that conclusions drawn here hold for those 
earlier studies as well. 

To compute the H-field losses in a radial ground 
system laid on poorly conducting soil, one properly 
should consider four regions separately. The inner 
region is that in which the fields vary more rapidly 
than the limit specified in the theory; the second (in 
a proper design, by far the largest) is that in which 
at least the first four assumptions are satisfied; the 
third, that in which the wire spacing is such that 
the radials act independently; the fourth, the termi- 
nal region within a soil skin depth of the radial ends. 
In all four regions, copper losses would be correctly 
computed only from an observed current distribu- 
tion, but it seems likely that an adequate approxima- 
tion would result from using the distribution com- 
puted from the parallel impedance assumption; in 
any reasonable case these losses would be small. The 
ground losses for the inner region would have to be 
obtained from a volume current density distribution; 
they could be (usually are) eliminated by using an 
effectively solid sheet of highly conducting material 
in place of the radials. In the second region, where 
all assumptions but the fifth hold, the losses should 
be computable from Wait’s theory even with very 
poor contact between wires and soil. The greater 
the number N, the better the results should be for 
losses computed in this second region. In the third 
and fourth regions, one has recourse to numerical 
integration of {Z,H,dA where H, (p, 0) would have 
to be an experimentally determined quantity. For 
very poor soil, poor contact between radials and soil, 
and mismatched radial termination, sufficient stand- 
ing-wave circulating current may exist to add a sig- 
nificant extra H-field loss component. Under these 
conditions it would seem worthwhile to direct atten- 
tion toward providing a termination in the character- 
istic impedance of the radial regarded as a transmis- 
sion line. 

It must be remembered that the above-described 
conditions are also those for which considerable 
charging current power loss can appear in the contact 
impedance between radials and soil, as well as in the 
displacement flux terminating in the soil between 
radials, and in fact such “E-field” losses can be the 
dominating term in the total ground system loss 
picture, particularly where the loss tangent of the 
soil is of the order of unity. For better soils, these 
losses become of less importance, along with the 
standing-wave phenomenon, until for o/wke > >10 
they likely are of little significance. 
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Diffraction of Electromagnetic Waves by Smooth 
Obstacles for Grazing Angles’ 
James R. Wait and Alyce M. Conda 


(March 19, 1959) 


The diffraction of electromagnetic waves by a convex cylindrical surface is considered. 
Attention is confined primarily to the region near the light-shadow boundary. The complex- 
integral representation for the field is utilized to obtain a correction to the Kirchhoff theory. 
Numerical results are presented which illustrate the influence of surface curvature and 
polarization on the diffraction pattern. Good agreement with the experimental results of 
Bachynski and Neugebauer is obtained. The effect of finite conductivity is also considered. 


1. Introduction 


The Kirchhoff theory of diffraction has been quite successful in the prediction of field 
strength when the transmission path is obstructed by obstaclessuch as mountainous ridges [1—8].? 
In its usual form, however, this theory disregards the difference between vertical and horizontal 
polarization. Furthermore, the electrical properties of the diffracting obstacle are not con- 
sidered since in effect, the obstacle is regarded as a “black screen” or absorbing knife edge. 
A brief mention of the various developments, both old and new, will be made in order to properly 
orient the reader. 

Schelleng, Burrows, and Ferrell [1] in a now classic paper, applied knife edge Kirchhoff 
theory to the computation of the fields behind mountainous obstacles and other pronounced 
terrain features. The influence of the terrain in the immediate vicinity of the terminals was 
accounted for by the introduction of ground-reflected rays which are also diffracted by the 
obstacles.’ A similar approach was made by Dickson, Egli, Herbstreit, and Wickizer [5], who 
demonstrated that the presence of an obstacle can, in some cases, produce an increase of field 
strength beyond that expected in the absence of the obstacle. This phenomenon has been 
described rather aptly as “obstacle gain” and has been used to advantage in the siting of the 
terminal and repeater stations in microwave relay links. 

The Japanese workers [4,6] have also been very active in this field. Presumably, the 
mountainous features of their country have motivated much of this work. Matsuo [4] in 
particular, has applied the Kirchhoff theory to many geometrical forms including conical shaped 
obstacles. Some fundamental theoretical work has been carried out by Furutsu [9] who has 
presented solutions for diffraction by very general forms of obstacles. 

S. O. Rice [11] has given a comprehensive solution for the diffraction of a plane wave by 
a perfectly conducting parabolic cylinder which was considered to be a more realistic model 
of a terrain obstacle. Particular attention was paid to the fields near the horizon plane on the 
boundary region between light and shadow. It was shown that to a first approximation, the 
diffraction pattern behind the obstacle was very similar to that for a knife edge. The main 
effect of the finite radius of curvature of the crest was to increase the field strength for vertical 
polarization and to decrease it for horizontal polarization. A similar observation had been 
made by Artmann [12] sometime earlier who employed a circular cylindrical model. 

Still another approach to this problem was adopted by Norton, Rice, and Vogler [13]. 
They represented the diffracting obstacle first by a sphere for the case of a very large radius of 
curvature and then by a knife edge for vanishing small radii of curvature. <A curve of diffrac- 
tion loss as a function of radius of curvature was then drawn by interpolating between these 
two limiting cases. According to their results, the diminishing of the radii of curvature is ac- 

! A preliminary version of this paper was presented at the International Conference on Wave Propagation, Liége, Belgium on October 8, 1958. 

2 Figures in brackets indicate the literature references at the end of this paper. 

3 A scheme which will suppress or modify these ground-reflected rays has been suggested by II. E. Bussey (Reflected Ray Suppressions, 
Proc, IRE 38, 1453, 1950). 
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companied by enormous increases in the field strength even though the separation between 
terminals and the angular distance is unchanged. 

Refinements of Kirchhoff diffraction theory when applied to the diffraction by smooth 
cylindrical models were made by Neugebauer and Bachynski [14, 15]. The basic idea of their 
analysis is that the equivalent radiating aperture is illuminated not only by the incident rays, 
but from rays reflected from the illuminated side of the eylindrical crest. The subsequent 
radiation from this aperture plane, which extends from the apex of the crest upward to infinity, 
is again reflected from the shadow side of the crest. Neugebauer and Bachynski are quite 
willing to admit that this is not a rigorous procedure, but nevertheless, it leads to results which 
are in good agreement with experiment. 

It is the purpose of the present paper to present a method for the computation of diffracted 
fields by convex surfaces which is both rigorous and easy to apply. The mathematical basis 
of this method was described in a previous paper [16]. This was an extension of the funda- 
mental work of Van der Pol and Bremmer, and Fock. The reader is referred to the above 
quoted paper for an account of the early theoretical work. 

Unfortunately, the existing solutions for the diffraction by spheres and cylinders are 
poorly convergent in the line-of-sight region. Consequently, these formal solutions require 
a great deal of numerical work despite the fact that they are mathematically elegant. A sig- 
nificant break-through was made when it was suggested that the complex-integral representa- 
tion of the field was easier to evaluate by numerical means than attempting to sum the residues 
of the poles of the integrand. While this point was probably recognized by Van der Pol and 
Bremmer [17], in the 1930’s, it was not until 1946 that Academician V. A. Fock actually demon- 
strated this in what is now regarded as a classic paper [18]. Fock’s method was applied by the 
present authors to the computation of the radiation pattern of an antenna mounted on or near 
a convex lossy surface [16]. The present problem is really an extension of this work. 


2. Formulation 


The problem is to calculate the field at some point P exterior to the cylinder in terms of 
the field on its surface (see fig. la). Since the incident magnetic field /7'™® (p, @) is taken to 
have only a z component, the resultant field /7 (p, ¢) also has only a z component. Anfimme- 
diate application of Green’s theorem vields 





inc. Plane Wave 
= 








‘a : FicurE 1. (a) The infinite cylindrical obstacle. (b) Waves 
/ \ emanating from the penumbral regions. (c) Geometry for 
/ source at A, and observer at Ao. 
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H.(p,6)=H™*(p,4)-+a 7 | Ho" 02, , Qosdip 16") —Q(o,dse’ ')( se, o aa ds’, () 


where the Green’s function is given by 


bo 


Q(p,0;p’ ,’) 1 HS (kp), (: 


with 
p=[p’+(p’)?—2pp’ cos (p—¢’)]'” 


The primed coordinates p’, ¢’, with p’=a, refer to a variable point on the surface of the cylinder 
whereas p, ¢, of course, refer to the position of the observer. The above integral formula can 
be simplified somewhat when the Leontovich boundary condition can be used [16]. Then 


oH.(p" | =i1¢ewLH,(a,d), (3) 
Op p’=a 


where Z is the surface impedance of the cylinder and ¢ is the permittivity of the surrounding 
space! Invoking this approximation, the external field is expressed explicitly in terms of the 
surface field //,(a,¢) which can be regarded as known. The evaluation of the integral, how- 
ever, is not readily carried out unless certain restrictions are made. For the moment it will be 


sonnel that the observer is at a large distance from the cylinder. Consequently, 


i 1 ‘ 
Q=- in ei l(r/4)—K pl 
_ A 
4 kp 
e7 itis 
aS — oe tke ikp’ cos (o-¢") (4) 
4y kp 


where only the first term in the asymptotic expansion for H@ (kp) has been retained. 
In a previous paper [16], it was shown that 


Hass) =Hy So EG *) 8] ft g2nm (YT 
m=0 2 


m=0 


+H > a [ (+ +5) +2] g [ 6’ + 521m (S)"} 


for the region 0S |¢’|S (x/2)+-A¢@, where (Ad)’<< 1. The function g (.Y) occurring in the 
above expression is given by [16] 
La) e7 txt 


A )=— | lt, (6) 
gl ) \T 2 woe i2n/3 wi (t)—qw,(t) ‘ : . 


where w, (f) and w; (#) are Airy integrals defined in the appendix, and 
“al - 
q=- ig 7 Z/no, With no22120r. 


The quantity m can be physically regarded as the number of times a wave has crept around the 
cylinder. For (ka)'!8 x>>1, only the term m=0 need be retained. Furthermore, if ka>>1 
and |¢| less and not near 7/2 the geometrical optical approximation for H,(a, ¢’) is applicable. 
This reads 


H,(a, ¢’) ~ Ho(1+ Rye~ *4 °°"), (7) 


4 Equation (8) is strictly valid only when (Z) <<1207 but actually this is more stringent than necessary [16]. 
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where R, is a Fresnel reflection coefficient given by 


. (Z/1) —cos $" 





‘a. > wre 8 
(Zn) +008 ¢” 8) 
3. Evaluation of the Field 
The secondary or scattered field can thus be written in the following form 
Roe = G44) 9 
2(p,P) = ——=——— (Wi +2), (9a) 
: 2J2nkp 
where 
n=| [cos (¢’ —¢) —kaZ/nole - ika[(r/2)+9'— cos (o’- 9) g(X,)de’ (9b) 
= [cos (¢’—¢) —kaZ/no] oe tkal(r/2)—9'— cos (e’-# q(X,)d¢’. (9c) 
The phase in the integral y, has the form 
Q(¢’) =ka[(x/2) +o’ —cos (¢’—9¢)], 
so that the stationary points are at ¢’=¢,—(4n—1) 1/2+¢ for n=0, 1, 2,3 .... The 


phase function is expanded about ¢; and is of the form 
2(6") halen +6-+16(6' 60), 


neglecting terms containing higher power than the third. The integrals over ¢’ are now in 
the form of Airy integrals and thus y, and y can be expressed in the form 


ee ee ae 
Y= v7e i - e~ ikae> » e-em G| (F) 6} (10a) 


-(ka/2)?* m=0 
eS , oe pains ; my ata il ka\'8 
=a en ikad 24 e7 i2nmka G | -( *) 6} (10b) 


where 


Sei. ot ie . °O—wet) , 
iat. | es 2 1 
G(X) Z ade w'()—qu,(b dt, (11) 


where w, (¢) and v (¢) are Airy integrals defined in the appendix. The quantity ¢ is a new 
variable of integration. 

The special cases corresponding to g=0 and g=o lead directly to Goriainov [19] who 
assumed at the outset that the cylinder was perfectly conducting. These special cases are 
discussed in the subsequent text. The total field scattered by the cylinder is thus expressed by 


,— ikp 
H'=—H, —— (ho+h,), (12) 
vkp 


where 


“ eit/4 


hn fern in 
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and 
~ (ka\'8 ; . 
h=+13(F) {e~ **6G[(ka/2)'39] + e*¢G[— (ka/2)'*] + e- **°"+# Gl (ka/2)'4(24-+¢)] 
+ e- tta2- GI (ka/2)'7(2r—¢)]+ ...]}, (14a) 


where 
—in/4 
WX)=G( X) a (14b) 
OX Vx 


The preceding results will now be generalized to include the case of a spherical wave 
incidence. The source is now imagined to be a magnetic dipole, located at (po, 7, 0), thus the 
radius of curvature of the incident wave at the origin is pp. Equation (12) for the scattered 
field in the transverse plane z=0 is now simply generalized to spherical wave incidence by 
multiplying it by ypo/(p+ 0). This is valid for any form of cylindrical obstacle subject to 
p and po both large compared to the maximum transverse dimension of the effective scattering 
region.” Thus 


Hi~— lek ib uA a (— -) (ho+h,), (15) 


where /7/) is the value of the incident field reckoned at the center of the cylinder and hy and h, 
are as defined above. 

The portion of the scattered field proportional to ho corresponds to Kirchhoff diffraction 
since it can be readily predicted by physical optics. It is independent of the electrical properties 
of the obstacle (and thus independent of the surface impedance Z) and is proportional to the 
cross-sectional dimension of the obstacle for small deflection angles. The remaining part of 
the scattered field, proportional to h,;, can be regarded as a correction to Kirchhoff theory. 
When kao, the ratio hi/hy asymptotically approaches zero. For finite but large values of 
ka and small values of ¢ only the first two terms containing G[(ka/2)'%¢] and G[— (ka/2)'] are 
significant. These can be interpreted as waves emanating from the penumbral regions on the 
cylinder as indicated in the sketch shown in figure 1b. In this case, the distances p and pp are 
both assumed very large compared to the transverse dimension of the obstacle (i.e., 2a). To 
relax this condition, it is necessary to return to the original integral for the field and use the 
following far-field approximation for the Green’s function: 


Q~— et (=/4— KP) (16) 


where p is not assumed to be large compared to 2a but is still large compared to the wavelength 
illustrated in figure le. Carrying through the analysis leads to 


—ikR 
, é van ta vie ta oy 
H,=H?+ Hi~ R [F(X,u)+F(X’',u’)], (17) 
t 
with 
— eft re , G(X) p 
F(X, u)= | e7 '@Jqa— 7 e7 ta? (18) 
Vr ” 
where 
. | A/2 (2/ka)! 
¥ = eee, So 2 ie 
and 
X = (ka/2)'” 6. 
Equation (18) is only valid when uw is somewhat greater than unity. A more accurate form is 
: — . i G(X) 
obtained when G(X) is replaced by GLX)——, ~~ 
or y NA) Fe o2.X 


5 See J. R. Wait, Appl. Sci. Research B.4, 464 (1955) for exacnple. 
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The function F(X’, u’) is the same form as F(X, uw), and u’ and X’ are defined by 


x si +85 2 
and 
X’ = (ka/2)" 6’. 


The quantities s, and s, are the linear distances from the source A, and the receiver A, measured 
to the intersection of tangent planes of the surface of the cylinder as sketched in figure Le. 
Similar remarks apply to the primed quantities.° The quantity RF is the linear distance separat- 
ing A, and Ag. 

It should be noted that when A, and A, recede to infinity, the earlier (Fraunhofer) solution 
is retrieved as a special case. To effect this transition, it is convenient to use the asymptotic 
relation 

g—in/4 
[uF (X, u)]~e- i” E : ne) | for large positive a and (19) 
oy 


si " sii ‘ , 
we | w+ a pH) for large negative a. 
2y 12 


Up to this point the analysis has been developed explicitly for the incident magnetic 
field vector directed along the axis of the cylinder. The results can be transformed to the case 
for the incident electric field vector directed along the axis of the cylinder by making the 
following transformation 


H?*(p,¢) > E?"(p, o)’ 
H? (p,o)—>E? (p, $) 


(8) OP) @] 


For metallic surfaces, g~0 for // parallel polarization and q~o for F parallel polarization, 
and these limiting cases are referred to in the following section as vertical and horizontal polar- 
izations, respectively. 


4. Numerical Results 


Basic to the present work is the function G (Y). In the region near X=0, the relevant 
integrals cannot apparently be evaluated in closed form. The integrands are quite well 
behaved however, and it is not too difficult to evaluate them by numerical means. In figures 
2a and 2b the real and imaginary parts of @ (Y) are plotted as a function of X for g=0 and 
q=, respectively. 

Before discussing the diffraction pattern, it is of interest to consider the behavior of the 
field along the horizon plane. Clearly, this corresponds to 6=0, X=0, and a=0. The func- 
tion F (a) then becomes 
I G0) 


F(0)=5 (20) 
2 u 
where 
2ks,s.\? (2/ka) 4 
u= (Sa) 9 » as before. 
Numerical integration yields the following values: for g=0, @ (0)=—0.295+7 0.0811; and 


66 and 6’ are the angles subtended by the tangent planes as indicated in figure le. They are referred to sometimes as angular distances 
and expressed in milliradians. 
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FIGURE 2. (a) Real and imaginary parts of the integral G(X) asa function of X forq=0.  (b) Real and imaginary 
parts of the integral G(X) as a function of X for q=@. 
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for gq=o, G (0)=0.344—7 0.0918. This indicates that for vertical polarization (corresponding 
to g=0) with a metallic convex surface, the field along the shadow boundary is increased 
above that for a knife edge. The converse is true for horizontal polarization (corresponding 
to g=o). The increase or reduction from \% is approximately the real part of the function 
[—G (0)/u]. Therefore for g=0, |F (0)|~0.500+ (0.295/u) and for g=o, |F (0)|20.500— 
(0.344/uw). It is of interest to compare this departure from % with Rice’s prediction using a 
parabolic cylinder model. The agreement is good if we equate the curvature of the apex of his 
parabolic cylinder with our a. It is also noted that his assumed plane-wave incidence is 
equivalent to moving our source to infinity (i.e., d;=«). Then on identifying Rice’s h with 
ka/2 and his A with [(s,+s2)/(2rks,s2)]3, we find according to Rice for g=0, |F(0)|20.500+- 
(0.296/u) and for g=~, |F(0)|~0.500—(0.342/u), being in close agreement with our values 
quoted above. On the other hand, Artmann, using a circular cylindrical model, gives for 
q=0, |F(0)|0.500+ (0.165/u) and for gq=~, |F(0)|0.500—(0.33/u). The disagreement in 
the case for g=0 with our result should be noted. It is suggested that the asymptotic approxi- 
mation for the Hankel functions used by Artmann is not fully justified. 

Neugebauer and Bachyinski have also computed a value on the shadow boundary using 
a semiempirical modification to Kirchhoff theory. Again transferring to our notation they 
would give’ 


san C871 
for q=0, —|F(0)|~0.500+———»_ and 
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for q= —, \F(0)| 0.500—9. 


1 
The agreement of these values with ours (and those of Rice) is reasonable in view of the entirely 
different theoretical approaches employed. It is probable that at least part of the discrepancies 
‘an be attributed to the nonvalidity of some of the geometrical-optical arguments used by 
Neugebauer and Bachynski. 


5. Diffraction Patterns 


The diffraction pattern behind the obstac!e is specified by the behavior of the function 
F(X, u) as aor uX varies. The amplitude |F' (X, w)| itself and the resulting diffraction loss Lz 
are plotted in figure 3a for various values of wu with g=0 and ~. As wu tends to infinity, the 
patterns approach the Kirchoff form described by the function /y(@). Since the function 
Fo(a) occurs frequently in what follows, its real and imaginary parts are plotted in figure 3b. 

The diffraction pattern behind a metallic cylindrical model of a mountain crest has been 
measured by Neugebauer and Bachynski in the K-band frequency range. For purposes of 
comparison, they also duplicated the experiment using a thin metallic sheet which was essen- 
tially equivalent to a knife edge. Their results for ka=239 are shown in figure 4a and 4b for 
vertical polarization (¢=0) and horizontal polarization (q=@), respectively. The ordinates 
are relative power and the abscissa are distance d, measured from the crest to the observer. 
The quantity A is the vertical displacement of the receiver above or below the horizon plane. 
In both figures 4a and 4b the source which is a transmitting horn is at a fixed location, being a 
distance d, (=150\) from the crest. Values calculated from eq (18) are also shown on the 
curves. The agreement is reasonably good. 

Neugebauer and Bachynski also measured the fields behind the crest for various values 
of the curvature parameter ka. This is shown in figure 5 where the ordinate is relative power 
and the abscissa is the deflection angle 6. The corresponding calculated curves are also shown 
in figure 5, taking d,=150 and d,=113d. The agreement is still fairly good and probably is 
within experimental error. These curves illustrate in a striking way the influence of curvature 
on the diffraction fields. In the case of horizontal polarization and deep in the shadow, the 





7 Their quantity ‘A’=—8z'/2 2=1/3 times the real part of our G (0), 
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Figure 3. (a) Diffraction pattern for a conducting 
conver surface. (b) Real and imaginary parts 
of Fresnel integral Fo(a) as a function of a. 
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Ficure 4. (a) Power distribution behind a cylindrical obstacle. (b) Power distribution behind a cylindrical 
obstacle. 


finite radius of curvature greatly reduces the fields below the Kirchhoff or knife-edge value. 
This is in accord with the results of Norton, Rice, and Vogler [13]. 


6. Further Numerical Results 


To obtain results for finite conductivity, it is necessary to evaluate the relevant integrals 
for finite values of g. For the case of //-parallel or vertical polarization 
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where Z is the surface impedance. Now if the surface is a good conductor 
Oy FY 1/2 
Z& (tpw/o)'/”, 


subject to ¢>>ew. That is, displacement currents in the conductor are neglected. The 
consequence of this approximation was discussed in some detail in a previous paper devoted 
to this subject [16]. Following the earlier notation 


q=\q\ e-*Fan FPA *, 


gis 1/3 ( £o# 
A=(ka) (3) ; 


is the “loss factor’ for the surface. It is seen that for infinite conductivity, A is zero. On 
the other hand, for very poor conductivity and large values of ka, the “loss factor’, A, may 
approach infinity. These two limiting cases correspond to g=0 and g=~, respectively, and 
were discussed in the previous section. More usually A takes some intermediate value. 


where 


For the general case 








G(X) = G(X) + G(X) (21) 
G(X) =G,(X) + G,(X), (22) 
where 
G(x) =O" [mF O- OO a . 
=e Jo wit) quilt” (23) 
Ot) =< 48k (24) 
uk > alam 
A x ac x) aii wi ia v’ (t)—ge-***(t) ] 
G;(X)= pi |, e(-Xt/2)(y wi(t) = qe Bp, (t dt. (25) 


The above relations follow immediately from eq (11) and (14b). The real and imaginary parts 
. A A . . 

of the integrals G,(X) and G;(X) were evaluated numerically using tabulated values of the 

Airy integral functions. For the present purpose only the real and imaginary parts of the 


function G(X) are required. 
As mentioned above, the field along the horizon plane is of special interest. Expressed as a 


ratio to the free-space field, this can be written 
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The real and imaginary parts of @ (0) are plotted in figure 6 in the form of an Argand diagram. 
Various values of A are shown on the curve. The left-hand portion of the curve (i.e., smaller 
A values) corresponds to an increase over the knife edge value. On the other hand the right- 
hand portion (i.e., larger A) corresponds to a decrease below the knife-edge field. It is of 
interest to note that for an A value of about 0.4 the magnitude of the diffraction field is almost 
the same as that of the knife-edge field. Associated with these intermediate values of A, how- 
ever, are appreciable phase shifts which correspond to a lag relative to the phase of the knife- 
edge field. The end points of the curve corresponding to g=0 and g=o were discussed in the 


earlier section. 
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The real and imaginary parts of G (X) are shown plotted in figures 7a and 7b, respectively, 
as a function of X for various values of A. 

The diffraction pattern defined by |F' (X, u)| can thus be readily computed for any value 
of A. Examples of these are shown in figures 8a, 8b, and 8c for uw equal to 2, 5, and 10, respec- 
tively. 

The preceding results indicate that the influence of finite conductivity can be marked for 
H-parallel or vertical polarization. For purposes of illustration, the displacement currents 
were neglected so that qg has a phase angle of —45 deg. For poorer conductivities this restric- 
tion may be violated and the numerical results are not strictly applicable although they can 
be used for approximate estimates as long as the conduction currents are at least greater than 
the displacement currents. (i.e., ¢>¢€w). In this case, the equation for A should be replaced 


by 
1/2 
A= (ka) 1/3 (== ) 2 # 


Vor+eur) 2% 





The influence of finite conductivity for E-parallel or horizontal polarization is negligible 
for most cases since |q| is always very large compared to unity. 


7. Concluding Remarks 


A theory for diffraction of electromagnetic waves by a smooth and convex lossy obstacle 
has been presented. The model employed for computation is a circular cylinder of finite 
conductivity. 
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Figure 7, (a) The real part of the function G(X) as a function of X for various values of the conductivity parameter 
. (b) The imaginary part of the function G(X) as a function of X for various values of the conductivity pa- 
rameter A, 
Both (a) and (b), applicable to vertical polarization, 
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Figure 8. (a) Diffraction pattern for a lossy 
conver surface u=2. (b) Diffraction pattern 
for a lossy convex surface u=5. (c) Diffrac- 
tion patlern for a lossy conver surface u=10 


(a), (b), and (c), applicable to vertical polarization. 











Probably the most important conclusion is that the influence of finite curvature of the 
diffracting metallic obstacle is to add a positive correction to the Kirchhoff computed field for 
a vertically polarized incident field, whereas the correction is negative for horizontally polarized 
incident field. The increase or decrease of amplitude from the Kirchhoff result is accompanied 
by a corresponding change of phase which may be important in certain applications. 

The influence of finite conductivity is appreciable for vertical polarization and the curves 
presented in the paper may be used to compute this effect. In general, the ohmic loss tends 
to reduce the resultant diffracted field. In the case of a horizontal polarization, the finite con- 
ductivity has a negligible effect and the curves presented in the present paper for g=o may be 
used directly. 

While the present results are formally restricted to a diffracting surface of constant curva- 
ture, it can be expected that the results can be used for generally convex surfaces if the curva- 
ture is slowly changing. For example, it may be noted that the diffraction pattern has the 
same approximate analytical form for a circular cylinder, a sphere and a parabolic cylinder. 
At least this is true if the radius of curvature is large compared to the wavelength and the 
deflection angles are small. Deep in the shadow zone, this similarity principle breaks down 
and the field depends on the rate of change of the curvature. This aspect of the problem has 
been discussed recently by Wu [24] who has generalized some of the quasi-geometrical concepts 
of Keller [25]. As Wu points out, however, for small deflection angles (i.e., reasonably 
near line-of-sight) the diffraction field is not critically dependent on the analytical form of the 
surface provided it is sufficiently smooth. It can be expected that this will also be true for 


lossy obstacles. 
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8. Appendixes 
8.1. Definition of Airy Integrals 


The Airy integrals used in the above analysis can be represented by the following contour 
A £ i p y £ 


integrals 

wit) = - i) ei2n/3 erds=u(t) —iv(t) (26) 
vrJ@ 

w(t) = = { ial setds=uj;(t) —iv’ (t) (27) 
Vr oo et27/ 

mio=— | sein C1US=U(t) +-iv(t) (28) 
VT oe ten! 

ws) [_,,,, Seds=w (t) +i0" (29) 
vr we i2n/ 


where a=st—s°/3. 
The functions u(t), v(t), u’(t), and v’(t) have been tabulated by Fock [20] for real values 
of t. 


8.2. Comparison With Results for a Spherical Model 


The previous discussion has been based on a cylindrical model. It is of interest to com- 
pare these results with those of Fock [21] who employed a spherical model. To facilitate this 
discussion, it is desirable to review briefly Fock’s work as it pertains to this particular problem. 
The notation will be changed to be consistent with the rest of the present paper. 

The source is represented as a vertical electric dipole located at r=a-+h, with respect to 
a sphere at r=a. (r, 6, @ are the usual spherical coordinates with origin at the center of the 
sphere and the axis in the direction of the dipole.) The great circle distance between the 
source and the receiver is denoted by s which, of course, is equal to a@@. The receiver is located 
at r=a+h,. In Fock’s theory the following parameter is consistently employed 


M=(ka/2)", +=M(s/a) =M6b, 
Y¥,=kh,/M and y.=kh./M. 


The fields for this geometry can be derived from a single scalar function U which has the 
following form 


U=e-*®/R +U', 


where R is the distance from the source to the observer. The first term is a spherical wave 
and represents the primary influence whereas the quantity U* is the secondary influence 
resulting from the presence of the spherical body. The rigorous analytical expression for U* 
is well known, being given first by G. N. Watson in a form of a very slowly converging series. 
The transformation of this series into a complex integral had also been accomplished by Watson 
who suggested that a new series could be evolved if the contour was deformed round a set of 
complex poles. This results in the now well-known residue series which has been studied 
extensively. Rather than deforming the contour Fock decided that the complex integral 
could be employed directly. He approximated the spherical Bessel functions by an Airy 
integral approximation. This is equivalent to Van der Pol’s and Bremmer’s “Hankel approxi- 
mation” which involved Hankel functions of order one-third. This representation is valid 
when the argument and the order of the spherical Bessel functions are very large, but nearly 
the same magnitude. This means that the heights h,; and h, are small compared to the radius 
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a which itself must be very large compared to the wavelength. Fock is then able to write 
U in the following form 


Vsa sin 6 


where V is an attenuation function which is expressed conveniently as the sum of two parts, 
such that V=V,+V., where V, does not depend on the electrical properties of the sphere and 
VY, is dependent on these properties. The explicit representation for these integrals are 


a7 FT 1 ’ 
v.-(=) EF Hun t—yyoslt—ddt+ | ean (t—y.o(t—yat (30) 


and 


ee (a ge BS rt Wo(t) —qw,(t) — 
— i, Lalo wi (t)—qu,(t) wert y2)dt 


—iz _v'(t)—qo(t)_ = _ | : 
+ a * wi) — qu (é) w(t—y))wi(t—y)dt > (3D 


where w,(t), w.(t), and v(t) are Airy integrals defined in appendix 8.1 and q is as defined previ- 
ously. The contour C;, is the straight line segment in the ¢ plane from ©» exp (—72z/3) to 0, 
and C, is the segment along the real axis from 0 to ©. By some ingenious manipulations, the 
above integral representation , is shown by Fock to correspond to Kirchhoff diffraction and 
consequently, 1, can be regarded as the correction to the Kirchhoff theory. More explicitly 


Via =a, mn TIA e-i»uly(a) for a>0 (32) 


and 


7 e—iwg [eno a4 yi7a uky(— a) | fora<0 (33) 


where w2k(R—s),  u=(yryo)'4/(Wyr+vVyo)!? and a=u(r—y Yi—1 Yo). The function involves 
the Fresnel integral which is defined by 
j #+7) 
hori 


ee — (34 

F\(a)= - —| e-iFda, ) 
vu a 

It is now possible to express V’, in terms of the integral G(X) encountered in the previous sec- 

tion. In fact, 


— ne in G(X), (35) 


where X=a/u=a2—Vy,—Vy2. Equations (33) and (35) given above for V, and V2, respec- 
tively, are valid if x, y,;, and y. are all large compared to unity, but in such a way that X or 
t—Vyi1—vVy2 is finite. It is also important to remember that these particular results are only 
valid for h, and hz small compared toa. This fact appears to have been overlooked in a recent 
paper by Kalinin [22]. In many physical situations one is interested in computing diffraction 
by a spherical surface when h, and h, are comparable or even large compared to a. It is quite 
easy, however, to relax this restriction if the proper asymptotic form of the spherical Hankel 
functions h,_,/2(p) is employed and p is either a+h,, or a+h, in Fock’s work. First it should 


be noted that 
by-vale) = 4/75" HP), (36) 
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where H”(p) is the Hankel function of the second kind of order » and argument p. The Debye 
second order representation for the Hankel function HY (kb) is now employed and leads to the 
approximation 

en itt-/4) 


hy-112(e) =q— py (37) 


where £=(p?—v*)"?—» cos~' (v/p), being valid when (p?—v’) >>p*”. With this change, it is 
now possible to write the solution in the form 








P e7 tkk ” : 
ee Mil (38) 
where 
F2[Fi(a)+Fie—*’, (39) 
F,=—G(X)/u, (40) 
a 2hs,s.\!/? (2/ka)'* 
u=y—(F) oe (41) 
and 
X= (ka/2)'*0. (42) 


6 is the angular distance as usually defined, * and s, and s, are the linear distances measured 
from the source and the observer to the intersection of their tangent planes as in the previous 
section. 
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energy of the stroke. 


1. Introduction 


Appleton et al. (1926) were probably the first 
workers to utilize the cathode-ray oscilloscope in 
studying the electromagnetic energy emitted from 
lightning discharges. Following the development 
of radio communication techniques, it became 
evident that the lightning discharge was the source 
of interference to radio communication circuits. 

In recent years, the radio signals emitted from 
lightning discharges, called atmospherics, or sferics, 
have been utilized as a source of signals in propaga- 
| tion studies at very-low radiofrequencies. 
| Various workers in England have been particularly 
active in the utilization of sferics in propagation 
studies, and it would be difficult and exhaustive 

to properly credit all of their accomplishments. 

However, as the work continued, it was learned 

that some atmospheric waveforms could be inter- 
preted in terms of the reception of a series of pulses 
due to successive reflections between the earth 
and the ionosphere. It became evident that the 
character of the atmospheric waveform observed 
at great distances was materially altered by the 
propagation effects, while at shorter ranges, the 
waveform was more representative of the source 
function. 
| At the present time the use of atmospherics in 
propagation studies at the very-low radiofrequencies 
is common. NBS Boulder Laboratories have es- 
| tablished a network of stations [1]! for this purpose, 
and the material presented in this paper resulted 
from the simultaneous observation of atmospherics 
at the Bureau recording sites. 

The objective of this paper is to present data 
on Fourier spectra of the electric field strength of 
signals radiated from return-stroke lightning dis- 
charges. The radiation spectra of lightning dis- 
charges were determined from observations of the 
groundwave portion of the atmospheric. The pre- 
cautions taken in identifying and utilizing ground- 
wave pulses for this purpose are described in this 
paper. 











! Figures in brackets indicate the literature references at the end of this paper. 





Journal of Research of the National Bureau of Standards—D. Radio Propagation 
Vol. 63D, No. 2, September-—October 1959 


Very-Low-Frequency Radiation Spectra of Lightning 
Discharges 


W. L. Taylor and A. G. Jean 
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Spectral analyses are given of the groundwave portion of 33 sferic waveforms recorded 
from cloud-to-ground lightning discharges which occurred at distances ranging between 
about 150 and 600 kilometers from Boulder, Colo. 
5 and 20 kilocycles per second, which agree favorably with other published results. 
average value of energy calculated from the groundwave pulses was found to be 26,600 
| joules, which is lower than values derived from other experiments. 
such as the peak amplitude and duration of the first half-cycle, are related to the radiated 


Frequencies of peak energy lie between 
The 


Various parameters, 


2. Equipment and Collection of Data 


Stations at Boulder, Colo.; Salt Lake City, Utah; 
and Palo Alto, Calif.; were equipped to record the 
directions of arrival of atmospheric pulses, the 
pulse waveforms, and timing marks from which the 
times of arrival of individual pulses could be deter- 
mined. Atmospheric waveforms used in the spectral 
analyses were recorded from vertical antennas. The 
overall amplitude response of the vertical antenna 
channel was constant within +1 db over the band- 
pass and sloped to 3-db cutoff points at frequencies 
of 1 and 100 ke. The phase response of this channel 
closely approximated a linear function of frequency 
within the bandpass. 

A pair of vertical electrostatically shielded loop 
antennas, arranged at right angles to each other, 
were used in a direction-finding system at each 
station. The overall bandpass of each loop-antenna 
channel extended from 1 to 100 ke, and closely ap- 
proximated that of the vertical-antenna channel. 
The direction-finding indications were obtained 
using the entire bandwidth of the loop-antenna 
channels. It was determined in earlier experi- 
ments [2] with wideband direction finders, that in 
many cases the groundwave component of the 
atmospheric could be discerned from the skywave 
components by virtue of differences in polarization 
and times of arrival of the groundwave and skywave 
pulses.2 A time resolution of appreximately 10 
usec is afforded by the wideband direction-finder, 
which is adequate to resolve the groundwave and 
skywave pulses. The direction of arrival of the 
atmospheric, as indicated by the vertically polarized 
groundwave component, should be virtually free 
from error due to the presence of horizontally polar- 
ized components in the atmospheric. 

Timing marks derived from a secondary frequency 
standard, synchronized with the standard timing 
emissions from station WWV, were recorded on the 
atmospheric waveform records. Using these timing 

2 Excellent discussions regarding the location of sferic sources through the use 
of radio direction-finding have appeared in the literature; Horner [3], in particu- 
lar, has discussed the probable sources of error in direction-finding, including 


that resulting from the reception of horizontally polarized components of iono- 
spheric waves. 
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marks, the time of arrival of atmospherics could be 
determined at each station to an accuracy of about 
+1 msec. Atmospheric waveforms resulting from 
a particular lightning discharge were located on the 
photographic records made at each station by virtue 
of their times of reception and directions of arrival. 

The sweep of the oscilloscopes used in recording the 
atmospherics was activated by signals having 
amplitudes of about 50 mv/m or greater. Signals of 
smaller amplitude did not activate the sweep and 
therefore were not recorded. This feature provided 
some discrimination against atmospherics of rela- 
tively low amplitude; such as those of distant origin 
as well as some local cloud-to-cloud and precursory 
discharges. To minimize loss of early detail in the 
waveform, a 24-ysec delay line was used to delay 
recording the signal until after the sweep was initi- 
ated. Thedynamicrange ofthe recording equipment, 
in terms of the strength of a vertically polarized wave 
incident at the monopole antenna, extended from 0.2 
to 6 v/m. Most of the analyzed atmospherics had 
peak field amplitudes approaching 1 v/m. 

The locations of lightning discharges were deter- 
mined by triangulation, using the direction of arrival 
indicated at each station. Due to the geometric 
arrangement of the 3-station network, the locations 
of lightning discharges which occurred near a record- 
ing station are relatively inaccurate; however, for 
distances greater than about 150 km, the error is 
estimated to be equal or less than 10 percent of the 
range. 

It was desired to identify waveforms on the photo- 
graphic records that resulted from vertical lightning 
discharges. Two tests that were used in an attempt 
to achieve this selection are described below. The 
relative amplitude of the vertical component of the 
electric field which would be registered at the appro- 
priate ranges from a vertical discharge was calculated 
using range information available from the direction- 
finding “fixes,” and from groundwave propagation 
curves in the literature [15]. The source was con- 
sidered to be vertically polarized if the relative 
values of the observed and calculated pulse ampli- 
tudes agreed within about 20 percent. 

If a vertically polarized wave arrives at grazing 
incidence, the direction-finder response will approxi- 
mate a straight line inclined at an angle proportional 
to the azimuthal direction of arrival of the wave. 
An incident wave consisting of both horizontal and 
vertical components of the electric field will cause 
an elliptical direction-finding pattern to be produced. 
The direction-finder responses to the atmospheric 
pulses which were selected for analyses indicated 
that the groundwave pulses were vertically polarized, 
and the first-hop skywave pulses were essentially, 
but not entirely, vertically polarized. Atmospheric 
waveforms which satisfied both the “amplitude” 
and “ellipticity” criteria outlined above were as- 
sumed to result from vertical lightning discharges. 

No sferics were analyzed which originated at 
distances less than 150 km from Boulder, due, in 
part, to limitations in the accuracy of “fixes” at 
short ranges, and also to minimize contributions by 
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the induction field at frequencies near 1 ke. It was 
desirable to limit the maximum observation rang 
in order to minimize the distortion of the ground. 
wave pulse by propagation and to reduce the inter. 
ference caused in the groundwave by the first-hop 
skywave pulse. 

The waveforms of two sferics, representative of 
those used in this analysis, are reproduced in figure 
la. The range to the source is approximately 165 
km from both sferics 1 and 2. The groundwaye 
portion of sferic 1 is believed to comprise the firs} 
110 usec of the approximate 450-ysec time base, 
The earliest evidence of the arrival of the first-hop 
skywave pulse in sferic 1 occurs at 147 usec. Note 
that the initial half cycle of the skywave pulse ig 
negative, or opposite to the polarity of the first 
half-cycle of the groundwave pulse. This reversal 
in polarity of the initial part of the first-hop skywave 
pulses evident in figures la and 1b is a consequence 
of the pseudo Brewster angle in ionospheric reflec- 
tion. This phenomenon was discussed in an earlier 
paper [1]. 

The height of the ionospheric reflection was 
calculated to be about 65 km, corresponding to a 
range of 165 km and a 147-ysec time interval between 
the reception of thegroundwave and the first-hop sky- 
wave pulses. In this calculation, the ionosphere 
was assumed to be a homogeneous ionized medium 
with a sharp lower boundary [4]. 

Note that sferic 2 is similar in character to sferic 
1, but the groundwave is of larger amplitude and 
longer duration. The first-hop skywave pulse was 
received before the entire groundwave pulse was 


recorded. It was necessary in such cases to complete) 


the groundwave pulse as indicated by the dotted line 
before undertaking the spectral calculations. Since a 





very small fraction of the total area enclosed by the 
waveform is contained under the sketched-in por-| 
tion, the error introduced into the spectral calcula-| 


tions is small. ‘ 


Waveforms of sferics 17 and 18,° which were re- 
ceived at ranges of 460 km under nighttime condi- 
tions, are given in figure 1b. Note that in these 


3 Numbers were assigned to the atmospherics in order of their selection for 
analyses and each number associates an atmospheric with its spectrum. Sferics 
1, 2, 17, and 18 were selected to represent the variability encountered in the 
reception of the groundwave pulses. The waveforms of the remaining atmos- 
pherics (sferies 3 through 16 and 19 through 33) are not presented in this report. 
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cases the time interval between reception of the 
oundwave and the first-hop skywave pulses is 
about 97 usec compared to an intérval of 147 usec in 
fgure la. As a consequence of the shorter time 
interval between the reception of the groundwave 
and first-hop skywave pulses, a larger portion of the 
groundwave pulses are concealed by the skywave 
pulses than for the sferics 1 and 2. Prior to perform- 
ing the spectral analyses of the groundwave pulses 
for sferics 17 and 18, the trailing edges of the ground- 
wave pulses were sketched in as indicated. A larger 
error resulted in such cases; e.g., the area under the 
sketched-in portion in sferic 18 is approximately 13 
percent of the total area enclosed by the waveform 
of the groundwave pulse; however, this error is not 
considered to be serious in the present analyses. 

The ionospheric reflection height for these night- 
time observations was calculated to be about 80 km, 
using a range of 460 km and a time interval between 
reception of groundwave and first-hop skywave 
pulses of 97 usec. 


3. Data Analyses 


Let G(t) represent the instantaneous value of the 
vertical component of the electric field in units of 
volts per meter. Also let the waveform start at 
time t=0, so that 


G(t)=0, for t<0, 


and the end of the pulse occurs at t=7 so that 


G(t)=0, for t>r. 
The complex spectrum of the pulse can be represented 
by the Fourier integral 


rin=| " e-21Q(t)dt, (1) 


0 


where f represents the frequency in cycles per second 
and ¢ is the time in seconds after the beginning of 
the pulse. 

The complex spectral components of the atmos- 
pheric were calculated at intervals of 1 ke on an 
electronic computer. The absolute value, | F(/)|, of 
the spectra of the groundwave pulses of individua! 
atmospherics are given in figures 2a through 2h. 
Fourteen of the analyzed pulses were received under 
daylight conditions from a storm approximately 165 
km from Boulder, and 19 pulses were received under 
nighttime conditions from ranges varying between 
400 and 620 km from Boulder. The approximate 
range at which each pulse was observed is indicated 
on the appropriate figure. 

The frequencies of maximum energy for return 
stroke lightning discharges have been reported by a 
number of different workers.t Their separate findings 
indicate that the frequency peaks occur in the 5- to 
20-ke region. It will be observed that the peak fre- 





‘It is difficult to adequately reference all of the available literature dealing 
with this subject. A few representative references [5-12] have been selected. 
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Fiagure 2. Amplitude spectra of atmospherics (see text). 


quencies in figure 2 fall within this range of frequen- 
cles. 

With a knowledge of the complex spectrum /'(/) 
of a groundwave pulse observed at distance d;, and 
of the appropriate values of earth constants, it is 
possible to calculate the spectrum |/'(/)| of a ground- 
wave pulse at a different range, d., using methods 
evolved by Wait [14]. This rigorous method was not 
followed in this paper, due to the complex nature of 
the calculations and the lack of adequate informa- 
tion concerning earth constants. The less rigorous 
method used in normalizing the spectra |/(f)| to a 
common distance is described below. 

The atmospheric pulses were recorded at distances 
between 150 and 600 km and their spectral peaks 








were attained at frequencies near 10 ke. A uniform 
earth, having a conductivity of about 10~? mho/m, 
was assumed to exist along the propagation paths. 
Referring to the curves of groundwave amplitude 
versus distance [15], it is evident for these values of 
earth conductivity, distance, and frequency, that the 
signal amplitude decreases approximately at the in- 
verse distance rate. Accordingly, the individual 
spectra were referred to a common distance of 1 km 
by increasing each spectral component in proportion 
to the observation range. The spectrum shown in 
figure 3 is the average of the individual spectra nor- 
malized to this distance. The deviation of the indi- 
vidual spectra from the average is not very large 
which seems to support evidence in the literature 
[12, 13] that the radiation spectra of return-stroke 
lightning discharges do not vary a large amount from 
event to event. The 1-km value was selected as a 
matter of convenience; the spectrum in figure 3 is 
not intended to represent the actual distrrbution of 
amplitude with frequency at that distance. 
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Figure 3. Average of amplitude spectra, normalized to 1 km. 


The peak amplitude of this spectrum occurs at a 
frequency of 6.5 ke; at frequencies below the peak, 
the spectra] amplitude is proportional to the 0.4 
power of the frequency, while at frequencies higher 
than the peak, the spectral amplitude decreases as 
the inverse 1.5 power of the frequency. 

The total energy available in a lightning discharge 
has been estimated to be about 210" ergs [16]. 
This large amount of energy is partitioned into a 
number of different forms; for example, some energy 
is required to ionize the gas in the discharge channel, 
a larger portion is liberated as frictional heat in the 
movement of gaseous components, and some is evi- 
dent as electromagnetic radiation, etc. An appreci- 
able part of the energy is consumed in ‘ground losses” 
due to the flow of induced currents in the earth [17]. 

For the purposes at hand, it was desired to esti- 
mate the amount of vif radio energy radiated into 
the earth’s atmosphere (i.e., exclusive of earth losses) 
by the lightning discharges. This form of energy is 
a very small portion of the total amount available. 





The energy density, Ez, of the transient G(t) js 
represented in joules/meter? by 


i es ’ 
Eee |, G(t)°dt. 0 


It was assumed that the current at the source was 
a simple linear dipole oriented along the vertical axis, 
The radiation component of the dipole electric field 
is proportional to cos 6, where @ is the angle of eleva- 
tion measured from the horizontal. The vlf energy, 
Ey, in joules, radiated into the atmosphere was ob- 
tained by integrating the energy density Ez over the 
surface of the radiation pattern of the source. Thus, 


2a mr /2 
E =| | Ey’ cos*edédo (3) 
0 0 
=4/3er'E,, 


where @ is the angle of elevation measured from the 
horizontal, ¢ is the angle measured in the equatorial 
plane, and 7 is the distance in meters from the source 
to the point of observation. 

Values of energy represented by each of the pulses, 
calculated using expression (3), are given in table 1. 


TABLE 1. Very-low-frequency energy radiated into the atiros- 


phere by return-stroke lightning discharges 





| 
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Dis- | fo | 
tance | | 


Atmos- Er 
pherie No. | 





Sferic groundwave recorded at Boulder 
during daylight July 7, 1959 


km ke 


j 

1 165 10.0 | 2.2%.198 
$......-----| 165] 60 | 6:20 
ee a 9.0} 1.7X104 
4 | 165} 7.0) 5.5106 
5 165} 9.0] 1.8X108 
ey 165 5.5 | 2.1X104 
ee ae 9.5 | 1.1102 
Boece. | 165! 10.0) 1.5106 
9 ae 6.0 | 4.3103 
eee | 165 6.0 | 8.8X104 
| eee 165 7.5 | 6.9102 
i; =. | 165 9.5 | 1.3105 
So. 165 | 10.0} 1.5X103 
as... | 165 


9.5 | 5. 9X10? 





Sferic groundwave recorded at Boulder 
during nighttime July 26, 1958 








| | 
(ire | 400 7.5| 21X10 
a | 400 6.0 | 6.5103 
“eae 8.5 | 2.0X104 
ee 8.5 | 5.5X103 
| | 
| eee | 460 6.5 | 4.5X103 
ae 460 5.5 | 2.9104 
eas 460 5.5 | 6.2103 
20....--.---| 460 7.0| 3.1X108 
tel ae 7.0} 1.1X104 
32__- | 460 5.5 | 9.3X103 
22._. | 600} 15.5 | 7.9X108 
i: | 600} 120] 1.1X108 
ei......-..-| SD] 6] aaxio 
eae | 620) 7.0] 9.2Xx104 
26.....-..-.| 620] 6.5] 6.4x108 
7.......-| 620] 9.0] 13x10 
2........--| 620] 85] 9.6X103 
” eee 620| 8.0] 6.4X103 
aaa 620 | 6.3104 
| 
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The average of these values of energy is 26,600 j. 
On another occasion [10], sferics were received from 
thunderstorms in a frontal region extending through 
Texas, Louisiana, and Oklahoma. The average of 
the total radiated energy values calculated from 
seven of these sferics was about 250,000 j; the indi- 
vidual values range from 130,000 to 500,000 j. Laby, 
et al. [11], reported the average value of energy radi- 
ated from 35 sferics observed in Australia was 200,000 

It appears that the sferics used in the present 
work resulted from less energetic discharges than 
those reported by Taylor and by Laby. It is not 
at all certain that the energy value reported here is 
representative of return-stroke discharges from thun- 
derstorms occurring in the Rocky Mountain area. 
However, part of the differences between the energy 
values quoted might have resulted from differences 
in thunderstorm characteristics, differences in topog- 
raphy, earth conductivity, ete. 

The importance of land elevation in determining 
thunderstorm characteristics was pointed out by 
Loeb [18]. In general, the lightning discharges used 
in this analysis occurred over land of higher eleva- 
tion than those previously reported by Taylor. It 
isnot known in what area of Australia the lightning 
flashes occurred that were used in Laby’s analysis. 

It is interesting to note that the ratio of the total 
energy available in a lighting discharge to the values 
of electromagnetic energy radiated into the atmos- 
phere is as large as 10° or 10°. 

A wide variation was noted in the detail of the 
individual groundwave pulses; however, most of them 
consisted of two half-cycles. The first half-cycles 
were larger in amplitude and shorter in duration 
than the corresponding values in the second half- 
cycle. These two characteristics of the first half- 
cycle would be expected to control the total radiated 
energy to a certain extent. After normalizing the 
observations to a 1-km range, the relationships 
existing between various parameters mentioned above 
were examined. Some of these comparisons are 
described below. 

(A) Frequency of spectral peak versus total radiated 
energy. The relationship between the frequency of 
spectral peak (f) and the total radiated energy (£7) 
is given in figure 4. Although the data points 
scatter, there is a slight tendency for the more 
energetic sferics to attain energy peaks at the lower 
frequencies. 

(B) Peak amplitude of sferics versus total radiated 
energy. The peak amplitude of the groundwave 
pulse (Eyax) is plotted as a function of total radiated 
energy in figure 5. There is a close relationship be- 
tween these parameters. The straight line drawn 
through the data points relate total radiated energy 
to the 2.4 power of the peak field strength. 

(C) Spectral peak versus total radiated energy. The 
relationship between the peak of the spectrum of 
the groundwave pulse, F(f)max, versus the total radi- 
ated energy of the pulse is given in figure 6. A close 
relationship is indicated between these parameters. 
The straight line through the data points indicates 
that the energy is proportional to the 1.8 power of 
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Figure 4. Frequency of spectral peak versus total radiated 
energy. 
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Figure 5. Pulse amplitude versus total radiated energy. 
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FicureE 6. Spectral peak versus total radiated energy. 


the spectral peak. The frequency of the spectral 
peak is not explicitly accounted for in this relation- 
ship. 

(D) Length of first half-cycle versus total radiated 
energy. In figure 7 the relationship between the 
length of the first half-cycle of the groundwave pulse 
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Figure 7. Length of first half-cycle versus total radiated energy. 


(t, in microseconds) and the corresponding value 
of total radiated energy is plotted. The relative 
importance of the first half-cycle in determining 
the energy is indicated in this plot and in figure 5, 
in which the peak amplitude of the groundwave 
pulse is plotted as a function of total radiated 
energy. 

The field strength of a pulse is related to the rate 
of change of the source moment [13, 14, 19], hence, 
flashes having rapidly rising currents would be 
expected to produce sferics of high peak amplitude. 
The duration of the first half-cycle of the ground- 
wave pulse should correspond to the time at which 
the source current reached its maximum value. 
Hence, sferics of large energy result from rapidly 
rising and long continuing source currents. It 
would be expected that the more energetic discharges 
would produce sferics of longer duration, and a 
strong tendency of this nature is observed in the 
data; however, it was also observed that sferics 
representing relatively low values of energy attain 
spectral peaks within the same frequency region, 
5-20 ke, as those of larger energy. 

The close relationship existing in figure 5 between 
the peak amplitude of the first half-cycle and total 
radiated energy suggests the possibility of gaining a 
useful estimate of energy by observing the peak 
amplitude of the groundwave pulse and by de- 
termining the distance to the flash. However, it is 
not known that this relationship will hold equally 
well at the higher energy levels. 

It would be of interest to compare the character- 
istics of sferics originating (1) over land of different 
elevations and those originating over sea water, 
and (2) from frontal and air-mass thunderstorms. 
This would aid in appraising the influence of topog- 
raphy, earth conductivity, and meteorological factors 
in determining the characteristics of sferics. 

Atmospheric waveforms recorded at Boulder were 
used in the present analysis. Simultaneous record- 
ings of these atmospherics are also available from the 
other stations located at Stanford and Salt Lake 
City. Analyses of this data is continuing to de- 








termine values of propagation attenuation [10] and 
phase velocity of propagation [20, 21]. 
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Radio-Wave Scattering by Tropospheric Irregularities 
Albert D. Wheelon ! 


(April 16, 1959) 


The subject of radio-wave scattering by turbulent irregularities in the tropospheric 


index of refraction is reviewed. 


together with a status report on physical theories for the spectrum of irregularities. 


Descriptions of the turbulent medium are considered first, 


Phase 


and amplitude scintillations induced on electromagnetic waves propagated along line-of- 


sight paths are discussed next. 


The complementary problems of signal statistics and elec- 


tromagnetic-propagation calculations are summarized and compared with available data. 
Both the geometrical optics and wave theory approaches are discussed. The theory of 
propagation beyond the horizon by scattering from the same irregularities is then described. 
A current review of the predictions for received power, signal fluctuations, and antenna 


effects is given. 


The paper is primarily a review of the essential and auxiliary predictions 


of scatter theory, but also contains a considerable amount of unpublished research by the 


author. 


1. Introduction 


The existence of random irregularities in the atmos- 
pheric index of refraction has been. well established 
by direct measurements with microwave refractom- 
eters [1, 2].2. The influence of these refractive 
irregularities on electromagnetic waves is confirmed 
by the random fading of microwave signals received 
beyond the optical horizon. Stochastic phase and 
amplitude variations imposed on electromagnetic 
waves propagated along line-of-sight paths confirm 
this cause-effect relationship. This is not to deny 
the influence of other mechanisms (layers, ducts, 
et al.) which may also contribute to scatter-field 
strengths. It does certify that the electromagnetic- 
ally predicted relation between (turbulent) refractive 
variations and signal characteristics is indeed es- 
tablished. 

The entire subject of electromagnetic propagation 
through turbulent refractive irregularities has re- 
ceived considerable theoretical and experimental 
attention during the post-war era. This attention 
is due to the enormous importance of “scatter 
propagation’”’ communication systems on the one 
hand, and a basic limitation imposed on radio track- 
ing and guidance systems for space vehicles on the 
other. The subject also has considerable scientific 
interest in its own right, particularly insofar as it 
unites electromagnetic theory, turbulence theory, 
and probability in an essential mixture. Once es- 
tablished, the influence of atmospheric irregularities 
on electromagnetic waves presents a valuable tool 
for studying turbulence at very large Reynolds 
numbers by simple radio means. 

It now seems appropriate to try to establish how 
far the considerable volume of original research 
has brought the subject. This is particularly im- 


el 
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portant since the basic concept is periodically brought 
under attacks of various sorts, and it is desirable 
to try to set forth the essential and auxiliary pre- 
dictions of the basic theory in a coherent, unam- 
biguous fashion. More important, however, is the 
need to present a balanced status report on the 
theoretical predictions, against which accumulating 
experimental results can be ranged to establish the 
true role of this mechanism in an objective manner. 

The present paper is primarily a review of the- 
oretical research on line-of-sight and scatter prop- 
agation in the United States, with a short status 
report on turbulence theories of atmospheric irregu- 
larities. It is not a genuine review, in that it leans 
rather heavily on the author’s own research as a 
basis for unifying diverse results. Furthermore, a 
substantial amount of unpublished material is 
included herein. The report goes one step further 
and points out a number of outstanding problems 
which are solved in principle, but not in detail. A 
detailed, balanced comparison of these theoretical 
results with experimental data was not attempted 
for this broad field, although occasional references to 
significant results and prior comparisons are indicated 
by way of stimulating this crucial testing. 

The substance of this report can be summarized 
briefly. In so far as the single scattering (Born) 
approximation and/or geometrical optics are valid 
representations of the electromagnetic response of 
propagating waves to refractive irregularities, the 
entire subject is solved in principle. The geo- 
metrical-propagation effects can be computed in 
any desired detail (or at least be reduced to integrals), 
independent of the turbulence model employed. 
This important separation is achieved by using the 
spectral representation for the space correlation of 
refractive irregularities, which allows any spectrum 
model to be combined with any propagation model. 
The more difficult electromagnetic problem of 
multiple scattering has not been considered ade- 
quately and is not discussed here. 
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2. Description of the Turbulent Medium 


2.1. Statistical Characterization 


The tropospheric index of refraction varies from 
point-to-point in a random manner. To describe 
this effect, one decomposes the dielectric constant 
(e=n’) into its mean value and a small stochastic 
component. 


e(r, t)=eo+Ae(r, t). (2.1.1) 


It is this quantity which enters into the basic elec- 
tromagnetic equations. ¢ is usually a function of 
altitude (A) only, and its gradient appears in certain 
physical theories of turbulent irregularities. The 


* 
stochastic function Ae(r,t) is treated as a stationary, 
zero-mean random process in space and time, and 
is usually assumed to be spatially homogeneous and 
isotropic. If brackets denote ensemble, space, or 
time averages (which are equivalent for a statistically 
stationary, homogeneous atmosphere) the first two 
moments of Ae are: 


(Ae(r, t))=0 (2.1.2) 


(Ae(r, t)Ae(r-+R, t))=(Ae)C(|R|). (2.1.3) 


The intensity of dielectric fluctuations (Ae) is 
measured experimentally [1, 2] as several parts in 
10-”. The space-correlation function C(?) falls 
to 1/e in a distance of several hundred feet, which is 
related to the scalelength J, of theirregularities. Little 
attention has been paid to higher moments of Ae, 
except to note that they are completely specified in 
terms of C(?) if the Ae form a Gaussian random 
process. 


2.2. Space Correlation Models 


The space-correlation function C(/?) is the funda- 
mental characterization of the turbulence. First- 
order propagation quantities depend upon integrals 
of C(/?), and one must assume an analytic model to 
perform the relevant calculations. The correlation 
must have the form 


C(R)=f(R/l), (2.2.1) 


where f(z) is the Fourier transform of a non-negative 
function. J, is called the scale length or average 
size of the blobs in the hierarchy of decaying eddies. 
The popular models for f(x) are plotted together in 
figure 1. 

1. Bessel: f(x) =2K,(z) 

This correlation model was devised to predict: 
(a) The observed linear-wavelength dependence of 
average power for tropospheric scatter propagation; 
and (b) certain features of line-of-sight propagation 
experiments. It has zero slope at the origin, and 
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Figure 1.—Plot of four common space correlation models ji 
isotropic atmospheric irregularities. 


is suggested by the theory of turbulent mixing-iy 
gradient. 
2. Exponential: f(x)=e7* 

This function has been widely used to study scatte 
propagation. However, its cusplike behavicr (fini¥ 
slope) at the origin implies infinite values for angle-o 
arrival errors and other phase-derivative processes 
The exponential model is possibly suggested by thy 
physical theory of turbulent pressure fluctuations. 
3. Gaussian: f(x) =e" 

This is widely used for line-of-sight calculation 
because it can be integrated easily. It does no 
predict the results of tropospheric scatter experiment 
adequately and apparently has no foundation i 
physical theories of turbulence. 

4. Cauchy: f(x)=[1+2"]? 

This model has been used for line-of-sight ray 
theory calculations, but is not founded in physical 
theories of turbulent irregularities. 





It should be emphasized that any correlation functio 
is only a model of the atmospheric irregularities, an 
must be carefully evaluated in terms of its ability t 
predict the results of experiments. 

It is possible to generalize the foregoing to includ: 
anisotropic and inhomogeneous turbulent structures 
Anisotropic irregularities can be described by intro, 
ducing different scale lengths in orthogonal direc’ 
tions, viz, 


2741/2 


2 a ‘ 
O(R)=f (titi ) (2.2.2 
Zz ‘y Zz 


and such effects are apparently relevant in th 
troposphere. 

Refractometer experiments show that the intensity 
of dielectric fluctuations decreases with altitude [I] 
One can describe an inhomogeneous field of this sor! 
with a height-dependent (Ae) in eq (2.1.3), so long 
as the intensity does not change significantly in the 
several scale lengths /) required for the af 
averages. 
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A more difficult problem is encountered with the 
assumption of stationarity. There now seems to be 
experimental evidence [3] that the dielectric varia- 
tions either: (1) do not form a stationary process; or 
(2) that there is a great deal of power in the low- 
frequency part of the spectrum of Ae, which appears 
as trend when viewed over a short span of time or 
space. Both explanations are probably partially 
correct, with a rapidly fading stationary process 
superimposed on long-period (diurnal, seasonal) 
harmonic components. Unfortunately, there is no 
adequate theory of nonstationary processes available 
to describe such effects. 


2.3. Turbulence Spectrum Method 


An equivalent characterization of a turbulent 
medium is given by the spectrum of irregularities 
> 


S(k) [4, 5], which is the Fourier decomposition of 
the space correlation function, 


> a 29-> -> 
(Ae) O(a | dhe" 8(b. (2.3.1) 
8r 
This representation has the advantge of exhibiting 
an explicit ?-dependence for the correlation without 
committing the study toaparticular turbulence model. 
Propagation calculations can be performed on the 


> 
generic term exp |—7k-R] by reversing the orders 
of integration. The physics of the atmospheric 
irregularities re-enters the problem eventually in the 


=> 
spectrum S(k), which must be introduced to com- 
plete the wavenumber (k) integration. If the 


> » 
medium is isotropic, S(k) depends only on |k|, and 
the space correlation becomes: 
a oe bot? v7, Sn kR 
aT Jo R ; 


The mean square fluctuation at a point, 


pd a ee 

(Ae’)=55 dkk?S(k)> (2.3.3) 
oT J 0 

indicates that the spectrum represents the ability of 

each blob-size group (wavenumber range) to produce 

irregularities. 


Equation (2.3.1) may be inverted to establish the 
spectrum which corresponds to each of the correla- 
tion functions discussed earlier. Table 1 indicates 


TaBLE 1. Correspondence of turbulence spectrum and space cor- 
relation functions for several models of atmospheric irregularities 
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the spectra for the Bessel, Exponential, Gaussian, 
and Cauchy models. The small 2 behavior of the 
correlation is determined by the large k range of the 
spectrum and vice versa. 


2.4. Physical Theories of Dielectric Irregularities 


The index of refraction in the (nonionized) tropo- 
sphere and stratosphere is independent of radio- 
frequency from 10 to 10,000 Mc. Variations of the 
refractive index from unity are measured as several 
hundred parts per million, and are related to standard 
meteorological parameters by the empirical formula: 


n—1= 77.6 <+3.73 105 -&. 10-® = (2.4.1) 
i—1= 4 10.6 F730 Tr? 2.4.1) 


where 
T = air temperature is degrees Kelvin (absolute), 
P = total air pressure in millibars, and 
é€ = partial water-vapor pressure in millibars. 


Dielectric variations (e=n”) are thus related to tem- 
perature, pressure and water-vapor fluctuations by 


—aT 77.6 2.47.46 10°) | 
17.6 Fat 7.46 Te | 


(776 ‘3.73 10° 
| +ar( 7 )+a6 ( - 


Dielectric variations in the lower troposphere are 
governed principally by water-vapor irregularities, 
and one is dealing with the irregularities established 
in a passive scalar by turbulent movements of the 
random atmospheric velocity field. This process is 
characterized by the turbulent mixing theories de- 
scribed below. 

In the stratosphere there is a negligible amount 
of water vapor, and dielectric variations are produced 
almost exclusively by thermodynamic fluctuations: 
AT and AP. The primary mechanism for producing 
irregularities in the stratosphere is also probably 
turbulent mixing by rotating eddies. However, one 
must now recognize thermodynamic expansion (per- 
haps adiabatic [6]) of the gas as the eddies transfer 
parcels of air between different altitude levels, cor- 
responding to different ambient temperatures and 
pressures. This expansion correction is not domi- 
nant in the lower troposphere, but probably plays 
a central role in the propagation of scatter signals 
to distances greater than 700 km by common volume 
elements in the stratosphere [6]. 

The spectrum method makes direct contact with 
physical theories or turbulent irregularities which 
predict S(k) in certain wavenumber ranges. These 
theories identify three distinct ranges of the spec- 
trum, as shown in figure 2. 

1. 0<k<ky: The input or blob-creating range 
corresponds to very large scale lengths, which are 
probably anisotropic. The upper end, ko, of this 


Ae=2 10-° (2.4.2) 





J 


207 














S(k) | Redistribution 
| 
Input Range —-} 


——_— 


Inertial 
Subronge 





Dissipation 





o ae ae ans sso 


Ficure 2.—Typical spectrum of dielectric irregularities plotted 
versus wavenumber, showing various turbulence ranges. 


~ 


range is approximately the reciprocal of the correla- 
tion or scale length J) discussed earlier, which is of 
the order of 100 m in the troposphere. Since we do 
not know (in detail) how turbulence is created from 
a laminar flow, turbulence theories carefully avoid 
this range. It is important to note that the spectra 
listed in table 1 do make definite statements about 
this range, so the iarge R behavior of the correspond- 
ing correlation models must be regarded as extra- 
polation or pure guesswork. 

2. ky<k<k,: The inertial subrange is character- 
ized by redistribution of the turbulent “energy” 
toward higher wavenumbers and represents the 
progressive subdivision of eddies in the turbulent 
structure. Dimensional analysis can be used here 
with considerable confidence. 'Tropospheric-scatter 
propagation depends principally on this inertial 
range. 

3. ks<ck< oe: The dissipation range is character- 
ized by a sharp drop in turbulent activity, due to the 
destructive action of viscosity and diffusion. In the 
troposphere, 1,=k;' is of the order of millimeters. 
We do not consider the dissipation range, since 
aperture and recorder smoothing effectively elimi- 
nate the contributions of such tiny blobs in the 
troposphere.’ 

Three turbulence theories have been developed 
which predict S(k) in the inertial range: 


a. Pressure Fluctuations 


Fluctuations of the velocity field induce pressure 
variations according to Bernoulli’s law. If variation 
of pressure, density, and water-vapor content are 
related linearly, the spectrum of dielectric fluctua- 
tions is given by [7], 


\ ee eee ' 
S)—=(*) Gia ek) (2.4.3) 
where % is the speed of the largest blobs and ¢ the 


3 The dissipation is apparently quite important for ionospheric-scatter propa- 
gation at vhf. 





local speed of sound. Most writers now agree that 
this mechanism is unimportant for the lower tropo. 
sphere [8]. 

b. Obukhov’s Mixing Theory 


In this theory, an external source is imagined to 
feed fluctuations into the spectrum at the largest size 
(ko). Subsequent redistribution down the inertial 
range is attributed to turbulent convection, for which 
dimensional arguments give [9, 10, 11] 


2/3 
S(b)=(ae) oy (b> ke). (2.4.4 


If the external source is identified only with the 
mixing of a gradient by the largest blobs, the in- 
tensity is given by 

ks? (SR) 


which is supplied at the input wavenumber k, 
Adiabatic expansions of the mixing eddies modify 
the ambient gradient in the stratosphere [6]. 


(Ae’?)= (2.4.5) 


c. Mixing-in-Gradient Theory 


This approach considers an initial refractive-index 
gradient and how it is changed by turbulent con- 
vection at all wavenumbers. The rotating turbv- 
lent eddies transfer parcels of water vapor from low 
to high points on the profile and vice versa, and 
establish irregular contrasts thereby. The mech: 
anism for turbulent fluctuations appears explicitly in 
this theory at all wavenumbers and no external 
source is required. The inertial range is agai 
amenable to unambiguous dimensional arguments 


[8, 12]. 
Sik)= (R) ew Ms 


and the result is independent of turbulent param- 
eters, except for restrictions on its range of validity. 
Adiabatic expansions of the eddies are again im- 
portant in the stratosphere [6]. In the range 
k>ko, we see that this model agrees with the spee- 
trum computed from the Bessel space-correlation 
model indicated in table 1 

Both of the mixing theories predict that the 
intensity of turbulent fluctuations should be pro 
portional to the local gradient of the inhomogeneous 
mean profile. A good correlation between the 
strength of scatter signals and the monthly mean 
refractive gradient has been observed experimentally 
on many paths [13]. Since strong scattered signals 
are associated with large dielectric fluctuations 
this must be considered an important success for 
the gradient-dependent mixing mechanisms. i 
the other hand, observed absences of dielectri 
irregularities at inversion layers and other stable 


(k>ko) (2.4.6 


/ 








meteorological interfaces suggests that the mixing 
in-gradient models may not be applicable to veri 
sharp gradients. 
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2.5. Space-Time Correlations of Irregularities 


The averaged product of two dielectric fluctua- 
tions taken at different positions and times is of 
considerable importance in studying the time vari- 
ability of signal amplitude and phase for both line- 
of-sight and beyond-the-horizon propagation. 


(Ac(r,t) Ae( (+R, jt-+1))=(Ae)C( (R 7) (2.5.1) 
Temporal variations of Ae are associated with motion 
of the carrier medium, and two distinct types of 
atmospheric motion are important: 


a. Drifting Convection 
si 


A prevailing wind with constant velocity U 


would bear a frozen turbulent structure along intact 
and would translate the entire structure a distance 


U rin a time 7. Since the atmosphere is assumed 
to be homogeneous, this would be just the same as 
measuring the space correlation between irregu- 


-> 
larities separated by a distance of U 7 at the same 
time. 


b. Random Motion 


The random motion associated with the con- 
tinuous eddy-breakup process rearranges the tur- 
bulent irregularities in time. This self-motion effect 
is probably isotropic for small (&) scale irregularities. 
The random motion would be apparent even if there 
were no drift velocity, or if one rode along on the 
prevailing winds. 

The spectrum method is particularly well-suited 
to describing the combined effect of these two 
motions, in that their effects can be explicitly 
separated in the integrand of the wavenumber 
integral representation of the space-time correla- 
tion [4, 14]. 


—> 


(Ae(r, t) Ae(r+h,t+7) ges | PEST Ferg (kyr 


For an isotropic spectrum of irregularities, this 


becomes: 


(Ae(r,t)Ae(r-+R,t-+7)) 


sin sin (k|R+Ur wD), ig 


|R+Ur| 


=5a |, dkkSi(k) 2.5.3) 


The function n(k,r) describes the time autocorrela- 
tion of fluctuations contained in a fixed wavenumber 
interval &, and is unity for zero time displacement r. 
Dimensional turbulence arguments indicate i 
n(k,r) should depend only on the product* Voki*k?* 

16], although no Sane 





tional dependence has yet been established. How- 
ever, detailed studies of the turbulent velocity 
field-time correlations over the entire spectrum 


indicate that the coefficient of + varies from k?” to 
k [17]. 

Convective motion is probably the dominant 
effect for line-of-sight propagation, since eddy 
speeds Vo are usually much less than the prevailing 
wind speed U.' However, scatter propagation 
geometry discriminates against a horizontal drift 
velocity at the path midpoint and Doppler shifts 
introduced by the random motion can dominate. 


3. Line-of-Sight Propagation 
3.1. Introduction 


Phase and amplitude instability on line-of-sight 
propagation paths is important in practice because 
of the limitations it imposes on interferometric track- 
ing schemes and frequency synchronization opera- 
tions. Before launching into detailed discussions of 
problems, it is well to examine the two principal geo- 
metrical situations shown in figure 3. These prob- 
lems are idealized by omission of ground reflections, 
which are ignored since they do not contribute scin- 
tillations unless moving foliage or water surfaces are 
a major factor. 











Primary Field 
—-—-—-— Scattered Field Ray Path 


Figure 3.—Typical ray paths for idealized line-of-sight prob- 
lems: (a) Relay link immersed in an infinite turbulent me- 
dium, and (b) radio star viewed vertically through a turbulent 
mantel. 


a. Relay Link Problem 


Receiver and transmitter are both immersed in an 
infinite turbulent region a distance LZ apart. The 
transmitter emits spherical waves and the receiver is 
also assumed to be omnidirectional. 


b. Radio Star Problem 


Plane waves are assumed to fall on a semi-infinite 
turbulent medium with the receiver located a dis- 
tance LZ below the upper boundary. The turbulence 
may be graduated toward its upper boundary by 





4 Vo and ko are the speed and wavenumber at the input stage of the turbulent 
velocity spectrum. 

5 Since the turbulent velocity field itself is a (small) partition of the kinetie 
energy in the laminar (drift) field. 
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using an inhomogeneous turbulence intensity (Ae?(r)). 

It is significant that the receiver always stands in 
the (tropospheric) turbulent medium for line-of-sight 
propagation, and blobs which are just on top of the 
receiver play an important role. 


3.2. Signal Statistics and Vector Voltage Diagrams 


The typical ray-path trajectories shown in figure 3 
indicate that the field which falls on the receiver is 
composed of two terms: (a) The unperturbed primary 
field EH, propagated along the line-of-sight, and (b) 
the incoherent superposition of waves scattered to 
the receiver by all volume elements in the scattering 
region V. The primary field induces a constant 
voltage A, in the receiver, which serves as a con- 
venient phase reference. Because of the randomly 
varying multipath combinations, the total scattered 
wave induces statistical signal components x(/) and 
y(t) which are in and out-of-phase with respect to 
the constant vector Ay, as shown in the vector volt- 
age diagrams of figure 4. Experiments measure the 
composite amplitude A and the relative phase excur- 
sions a about the phase reference Ay. A _ typical 
phase record is shown in figure 4, together with the 
vector voltage diagrams appropriate to two displaced 
times f, and fy. 


xy X2 
yy Y2 
a, _ dae 
Ao Ao 











Ficure 4.—Typical phase record of randomly-varying line-of- 
sight signal showing the corresponding time-displaced vector 
voltage diagrams for a constant signal plus noise. 


The basic statistical problem is to estimate the 
probability distributions for amplitude A and phase 
a, and from these the relevant statistical estimates 
of the randomly varying quantities. Since the orthog- 
onal signal components z(t) and y(t) are induced by 
the scattering contributions from many independent 
blobs, they may be characterized by a Gaussian dis- 
tribution according to the Central Limit Theorem. 








xy? 2ery 
sey 1 o2'o2 6,0, 
Plz,y) dxdy =< exp—| ——4+_* 4 
er ey ape, Jip LW 
(3.1.1) 


The moment parameters, 


(7*)=08, y= “, (ry)= o,0yp 


should be determined from explicit propagation cal- 
culations. Previous statistical discussions have 
assumed, 

o;=07=0", and p=0, (3.1.2) 
We should like to 
, that such assumptions are not 


in order to simplify the analysis. 
point out, however 


in agr eement with available propagation calculations, | 


which suggest rather that 


o;+o7=constant, p finite. (3.1.3) 
A new effort on the statistical problem is required for 
propagation work. 

For present purposes, we simply review available 
results derived on the assumptions (3.1.2). If the 
(A) displaced cylindrical coordinates of figure 4 are 
inserted into eq (3.1.1), the joint amplitude-phase 
distribution becomes: 


Pita 
2Qro” 


42 ae ef ae 
-{4 +A? —_ cos =} (3.1.4) 


The distribution of total voltage amplitudes A 
was established by Rice [18] from (3.1.4) by inte- 
grating the phase a from —z to z. 


2 2 
P(Ayaa=e4 1( A 2) exp |= a} (3.1.5) 


From this expression one can calculate the ampli- 
tude moments. 


(Armagoea[(1498) (8) 
+3 2) & 


A2+-2¢? 





exp 








)] os 


(3.1.7) 


and 
(A’)= 


The probability that the amplitude exceeds a pre- 
scribed level a is obtained by integrating (3.1.5) 
from a to ©. Numerical tables of this probability 
have been prepared [19] and are reproduced on 
Rayleigh graph paper in figure 5. The addition of 
constant vector evidently increases the average signal 
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FicurE 5.—Probability that the total amplitude exceeds a given 
level, measured relative to the amplitude of the constant vector 
Ao, from [19]. 


level distribution, but reduces the range of amplitude 
fading relative to Apo. 

The distribution of phase is derived from eq 
(3.1.4) by integrating over all values of the ampli- 
tude A [20]. 


Pla)da=< e* 4/20 ‘{ +454 areas e AZ cos? a/20? 


A 
xf 1tent(“ a *) |} (3.1.8) 


This distribution is plotted in figure 6 and indicates 
that the phase is evenly distributed when the con- 
stant vector Ay is very small — with the 
mms multipath-scatter vector amplitude ¥2c. When 
the constant vector is relatively large, Beemaer [20] 
proves that the phase is distributed about zero in a 
Gaussian manner, 


lim has = exp—(535 Jo’ , (3.1.9) 
o<<Ao oy Qa 


Norton et al. [21] have also calculated the probability 
that the phase exceeds a given angle for various 
values of A,/y2o. The first and second moments of 
phase deviations have been evaluated numerically 
(22) using the result (3.1.8), and are reproduced in 


figure 7 as functions of 202/A?. 
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FiacureE 6.— Distribution of phase variations about the reference 
voltage Ao for line-of-sight propagation for various ratios of 
the steady signal to noise power. 
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FIGURE 7.—Average phase variation and root mean square 
phase variations about constant references a Ag as func- 
tions of the amplitude ratio of signal-to-noise, from [22]. 


Bremmer [20] has considered the probability dis- 
tribution for time-displaced amplitudes (A,, A.) and 
phases (a, a2) corresponding to figure 4. His de- 
velopment is based on special assumptions (see sec. 
4.1.) for the time correlation between x(t) and y(f), 
but is quite interesting in that he establishes phase 
and phase-rate distributions for the same instant 
by manipulation of the probability density for time- 
displaced phases. 
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3.3. Electromagnetic Scattering by Irregularities 


The stochastic dielectric constant (2.1.1) enters 
electromagnetic theory through the relation between 
the electric vector and displacement vector. 


D=| o+actr,t) | E. (3.2.1) 


When the magnetic field is eliminated from Max- 

well’s equations, the electric vector is found to 

satisfy [23], 
fee ec > 7 
VE i [eH]=—V *E- vel 


Time derivatives here operate principally on £, since 
the field oscillates much more rapidly than the 
— vad 


medium. The vector components of F are mixed 
in the right-hand term and give rise to depolarization 


effects. The magnitude of this term is small for line- 
of-sight microwave propagation and is_ usually 
omitted. (See, however, references [24] and [25].) 


With a harmonic time dependence (k;=w/c=2z/d), 
one finds 


[V?-+k2(e+Ae)]E=0, (3.2 


which is the basic propagation equation. 


It is not possible to solve (3.2.3) exactly, since 


en 
Ae(r,t) is an unknown (stochastic) function of posi- 
tion. The Born approximation is widely used to 
describe single scattering by such fluctuations. This 
is essentially a three-dimensional iterative solution 
of the wave equation, which give es the total field in 


terms of the unperturbed wave E,(r) as 


> 29 > 2» —) > >> 
E(R)=E,(R)—k} f PrO(R, r) Ae(r, t)Ea(r) sin x 
y 
(3.2.4) 
where V is the volume of irregularities illuminated 
by both the transmitter and receiver, X is the angle 


between BE and the Poynting vector ¥ the reradiated 
wave (see fig. 21) and 1 1s near. ly 90 degrees for line-of- 


sight propagation. GR, r) is the free-space spherical 
Green's function connecting the scattering point 


? and receiver R. 


> tk R— 7 


G(R, r)= 








— 


4n|R— r| 


The first term in (3.2.4) represents the trans- 
mitted wave and the integral expression is the scat- 
tered wave. The total field induces voltage com- 
ponents in the receiver, as shown in figure 4. The 
primary field Ey sets the phase reference Ay. The 





integral term gives rise to the in- and out-of-phase 
random signal components z(t) and y(t), corre. 
sponding to the real and imaginary parts of the 
integral term in (3.2.4) respectively. The receiver 
measures the total voltage A and its phase a. It js 
inherent in the Born approximation that E, must 
be small compared with the mean signal Fp, so that 
instantaneous fluctuations of the total amplitude 
and phase are (consistently) approximated by: 


5A(t)~a(t) =k? fo aract, t) Re (G(R, NE\(r)}, 
s 


(3.2.6) 
1» 2 <> =e ore 
a(t) { d®rAe(r,t) Im {@(R,r) Eyl) }- 
“° ER)" 


The variances of phase and amplitude fluctuations 
thus depend upon six-fold integrals of the space 
correlation function (2.1.3) 

It is common practice to use the geometrical 
optics approximation to describe line-of-sight propa- 
gation. This is equivalent to a one-dimensional 
(WKB) solution of the wave eq (3.2.3), which recog- 
nizes only the random speeding-up and _slowing- 
down of the wave as it propagates along the ray 
path (s). The phase of the vector voltage diagram 
in figure 4 is given directly by this method, 


L 
at dsAe(s,t) 


and is to be computed along the nominal (recti- 
linear) ray path s. This expression is always a good 
approximation to the volume integral (3.2.7), and 
it is generally used to study phase variations because 
of its simplicity. 
amplitude variations of the received signal. These 
are due physically to bunching and diverging of the 
energy-bearing rays by random refractive bending; 


565A X f . Oa | 

yy ds st 

Ay 27 Jo ox? * Oy? 
where a is given by expression (3.2.8). This expres- 
sion is usually not a good approximation to the more 
precise wave theory result (3.2.6). 

The geometrical optics approximation is a special 
case of the single scattering wave theory of eq (3.2.4) 
[4, 5, 26]. To understand this correspondence, note 
that the scale length of the irregularities /, is ordin- 
arily much larger than the wavelength of the radia- 
tion. The blobs act like very shallow lenses and 
project almost all of the scattered radiation in a 
cone of angular opening A//, about the line-of-sight. 
The effective scattering volume over a path length 
L, therefore, has a maximum width L)/l) as shown in 
figure 8. If this width is much less than the average 
blob size, the scattering volume consists of cylindrical 
plugs ‘ ‘cored” from successive blobs as in figure 8a. 
The propagation is then substantially one dimensiona 


(3.2.8) 


(3.2.9) 
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Geometrical optics also predicts} 
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FicurE 8. Pictorial representation of the effective scatter volume 
for line-of-sight radio star problem: (a) Fresnel scattering, 
and (b) Fraunhofer scattering. 


and random variation of the phase speed of the wave 
is the measured effect. This corresponds to Fresnel 
scattering and is correctly treated by geometrical or 
ray optics. The opposite extreme occurs when 
[rly >>); the receiver sees many whole blobs as 
infigure 8b. ‘The problem is then necessarily three 
dimensional and requires the wave solution (3.2.4), 
corresponding to Fraunhofer scattering. The scatter- 
ing parameter 


DD 


Ur 


Y= (3.2.10) 


is evidently the important variable in these dis- 
criminations. One finds that the wave theory expres- 
sions (3.2.6) and (3.2.7) reduce exactly to the geomet- 
rical optical results (3.2.9) and (3.2.8) if y is less than 
unity. If y is greater than (or near) unity, how- 
ever, one must use the full-wave theory to compute 
amplitude scintillations. 

The single-scattering approximation (3.2.4) breaks 
down at large distances L and/or high frequencies, 
since the convergence of the Born series is related 
to the smallness of the mean square phase expres- 
sion [5], 

<e>2r<Ae> =u 
As the wave progresses deeper into the turbulence, 
scattering out of the main beam gradually dissipates 
the primary signal A, in figure 4 and one is left only 
with the correspondingly increased ranaom field 
E,. The method of Rytov [27] has been used to 
describe this ‘phase creep” zone, where the amplitude 
and phase fluctuations are not small. 


E(R) = (IR) exp— 


k a. 2D > > 
>. febree(R)selr,t) Bol) 
Lo( I?) 

(3.2.12) 
This expression reduces to (3.2.4) in the limit of 
small signal variations, but it is not clear how this 
method accounts for multiple scatterings. It is 


508098—59——7 











significant that the integral term in the exponent of 
Rytov’s expression is identical to the first Born term 
in eq (3.2.4). Difficult propagation calculations of 
the real and imaginary parts of this integral term 
computed for single scattering theory can thus be 
used in calculations based on (3.2.12), once the 
— signal-statistical description is estab- 
ished. 

Feinstein [28] used the Kirchhoff-Huygens approxi- 
mation to study propagation of scalar waves through 
a succession of uncorrelated random slabs. His use 
of the second order phase approximation is equivalent 
to tracing the phase front along various ray paths, 
or neglecting diffraction over the slab thickness. 
The result can be expressed as a power series in 
<Aé>, the first term of which is the geometrical- 
optics approximation. 


3.4. Propagation Calculations Based on Geometri- 
cal Optics 


The foregoing discussion presented general expres- 
sions for the phase and amplitude scintillations of 
waves which are propagated through random media. 
To compare theory and experiment, it is neces- 
sary to combine these propagation expressions with 
the descriptions of turbulent media given in part 
Il. The results depend both on the propagation 
geometry and the model chosen to represent the 
irregularities. 

The calculation of phase variations is usually based 
on the geometrical optics approximation. The 
variance of phase fluctuations <a?> about the 
constant reference vector Aj can be computed by 
simply squaring and averaging the integral expres- 
sion (3.2.8). Using any of the correlation models 
described in section 2.2 gives the following simple 
result, 

Lo 
7” 


<a >=¢r'*< Ae*> (3.23.8) 


where Z is the line-of-sight path length and \ the 
wavelength of the radiation employed. gq is a con- 
stant of order unity which has been evaluated for 
each of the four correlation models. References to 
such detailed calculations are summarized in table 2, 
together with references to other phase and angle-of- 
arrival quantities. The reader should consult these 
references for specific results. 

The wavelength dependence of expression (3. 3. 1) 
has been confirmed experimentally by simultaneous 
measurements [33, 34] of phase shifts on three fre- 
quencies, 100, 1,000, and 10,000 Me, on line-of-sight 
paths to mountain tops. The path length (Z) de- 
pendence is difficult to check experimentally, since 
paths of different lengths are apt to go through 


- regions of the troposphere which do not have the 


same level of turbulent activity. Attempts to corre- 
late phase variations with airborne and ground-based 
refractometer measuremezits of < Ae’ > and J, in the 
propagation paths have been moderately successful 
(3, 30]. 

Such results are conveniently summarized with the 
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TABLE 2. References for line-of-sight calculations of phase and 
amplitude fluctuations using geometrical optics for four space 
correlation models of the irregularities 


























Space | 
\ correlation | Bessel *K;(?) | Exponential | Gaussian Cauchy 
Calculated \. model e-- | e~p2 [1+--2]-2 
quantity .e | 
| 
Mean square phase___-_- 30 29, 30 29, 30 | 29, 30 
Finite path corrections | 
i ctenines 30 30 | 30 30 
Aperature smoothing | 
corrections to <a?>_-. 31 31 eRe 
Finite data sample cor- 
EE Eee ee as een 
Parallel path space cor- 
ES 2 eee 29 29 | 29 
Rotated path space | 
correlation -_ - --.----.-- 30 29 29 29 
Time correlation of | | 
aes 30 29, 30 29, 30 | 29, 30 
Power spectrum of 
US 30 29, 30 | 29,°30 | 29, 30 
Phase fading rate______- 30 Diverges | 32 32 
Number of phase max- | 
eae Diverges Diverges |....-...-.-- es Ce 
Mean square angle-of- 
arrival____.__- SEES Bearer nee ee Diverges 29 | 29 
Time correlation of an- 
ee Seren 29 | 29 | 29 
Spectrum of angle-of- | | 
arrival. _.._.....--.-- Ha Se od ented 29 29 | 29 
Mean square ampli- | 
tude variance ______- a Diverges Diverges |_....-...-=- |------------ 





spectrum method, suggested in section 2.3, where a 
model choice is delayed until after the propagation 
calculations have been performed. In terms of the 
blob-size spectrum S(k), the mean square phase 
fluctuation becomes [4]: 


<at> ate f * dkkS(k), 
¥ Jo 


which exhibits directly the dependence of the meas- 
ured (<a?>) on the controlled variables Z and X. 
The spectrum method is particularly advantageous 
when computing corrections to this expression due to 
aperature smoothing, finite data sample lengths (7’) 
and finite propagation path lengths (ZL). These 
effects can be analyzed exactly within the framework 
of geometrical optics, and produce appropriate fac- 
tors in the wavenumber integration which filter the 
spectrum S(k) preferentially. Analyzing the indi- 
vidual effects separately and multiplying them 
serially one finds [4]. 


(3.3.2) 


sb 20, (ka)? 
Cas >=Ful., akks () [22S | 


x[2{ sian | 
2 pwr JQ) 
x[i-prp [, dade) +2 


ap | (3.3.3) 
This composite spectrum filtering is illustrated in 


figure 9. The first factor accounts for the masking | Fraure 10. Geometry for space correlation of phase experiments: 


of small blob (large wavenumber) contributions to 
<a’> due to smootiing by a receiving aerial of 
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—Filter Factors 











FicurE 9. Typical spectrum showing preferential _filterin; 
factors: (1) finite path length, (2) finite data sample length, and 
(3) aperture smoothing corrections. 


radius a. The second factor describes finite path 
length correlations, and indicates that blobs larger 
than the total path length Z cannot contribute 
effectively to signal fluctuations. The last factor 
describes the effect of a finite data sample length 7 
in suppressing very low-frequency scintillations, 
assuming that they are due only to a convective 
speed U. This predicts that the rms phase variation 
should increase with sample length 7, which is 
observed experimentally [3]; although nonstationary 
trends could give the same result. References to 
explicit calculations of the individual effects for 
various spectral models (i.e., correlation functions) 
are given in table 2. 

The space correlation between phase variations 
measured on adjacent propagation paths has been 
calculated for a variety of turbulence models (see 
table 2) for both the rotated line-of-sight and} 
parallel path configurations indicated in figure 10. 
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(a) Rotated paths with common transmitter and (b) parallel 
rays from source of infinity. 
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The spectrum method summarizes these results in 
succinct form [4]. 
Parallel rays: 

<a(2)a(r+D)>=2e {, dkkS(k) Jo(kD), (3.3.4) 


Rotated rays: 


al © 1 kLée 
<ald\alo+0) >=2G | dkkS) 55 i dedded. 
(3.3.5) 





These filter factors essentially eliminate the con- 
tribution of small blobs (large wavenumbers), which 
are not large enough to affect both paths simul- 
taneously. 

It is found that the Bessel model gives good 
agreement with spaced receiver experiments [33,30] 
for small baseline distances. At very large separa- 
tions, however, the experimental correlation falls 
more slowly than the theory predicts. This is 
tentatively ascribed to lack of spatial homogeneity 
and/or temporal stationarity. Since the correlation 
at great distances is due to the joint influence of very 
large blobs on the two propagation paths, the phase 
correlation should depend on the large R behavior 
of C(R), which is not tied to physical theories, as 
noted in section 2.4. 

The random variation of single path phase records 
with time is due to the action of drifting convection 
and turbulent self motion. The space-time correla- 
tion of dielectric fluctuations (2.5.3) permits one 
to calculate the time correlation of phase records 
quite generally for an arbitrary spectrum. If the 
convective wind blows normal to the propagation 
path [4], 


<a(t)a(t+r7r) > 


ef” 


=o? ; (3.3.6) 


AKKS (ke) TJolkU 7) n{k,7]- 


The effect of self-motion is usually discarded (i.e., 
7=1), since the turbulent speed (V5) is much less 
than the drift speed U. 

The experimental data on phase scintillations is 
usually expressed in terms of frequency spectra of 
the phase records. For drift motion alone [5], 


aL dkkS (k) 


W(N=53 2*f [PU?— Oxf)? (3.3.7) 
U 





The mixing-in-gradient model (2.4.6) predicts that 
the frequency spectrum W(f) should vary as f-*, 
while the Obukhov model (2.4.4) predicts an 
f*? variation. The most recent data [3] indicates 
a frequency variation of f~?* from 1 cycle per hour 
to 10 eps for very low-level paths. This data argues 
strongly for the Obukhov Mixing Theory, unless 
self-motion effects play a dominant role. 

The average number of mean (zero) crossings and 
maxima can be expressed in terms of ratios of mo- 











ments of the frequency spectrum W(f), which in 
turn can be related to moments of the turbulent 
spectrum S(k)[4]. Filter factors at the high-wave- 
number end, such as that provided by aperture 
smoothing, are especially important if such results 
are to be compared with experimental data. 
Tracking devices which measure bearing angles 
ordinarily measure the normal to the instantaneous 
phase front by interferometric means. Angle-of- 
arrival errors are thus related to the space coherence 
(correlation) of phase scintillations along this phase 
front. The mean square angle of arrival is given by 


[4] 
(3.3.8) 





uP @ 
2 ote 
<a >=, =I, dkleS(k), 


and has been evaluated explicitly in the references 
of table 2. The autocorrelation of 60(¢) and the 
corresponding frequency spectrum have also been 
discussed in general [4] and specific terms [29]. 

Amplitude fluctuations have not received as much 
attention as phase (see however, ref [36] and [37]) 
since 6A/Ay must be small compared with (a)ms 
for the geometrical optics expression (3.2.9) to 
be valid. In terms of the spectrum, the percentile 
amplitude fluctuation is given by 


( , = L i) ” dkk5S(k), 
0 


which depends critically on the behavior of the cor- 
relation model near the origin (i. e., k=). Only 
the Gaussian and Cauchy correlation models pre- 
dict finite results, viz, 


where g is a constant of order unity. This distance 
variation and absence of a frequency dependence 
does not agree with most experiments [33, 38], so 
one must seek a more satisfactory solution in the 
wave theories. 


5A 


A 0 


(3.3.9) 








(3.3.10) 


3.5. Propagation Calculations Based on Wave 
Theory 


When the scattering process is necessarily three- 
dimensional in the sense of figure 8, one must use 
the Born expressions (3.2.6) and (3.2.7) for line-of- 
sight amplitude and phase. The variance of phase 
and amplitude depend upon six-fold integrals of the 
space correlation function (2.1.3). Such calcula- 
tions have been performed primarily with the 
Gaussian function, which has important analytical- 


‘simplification properties, although even then one 


must exploit approximations. 

The spectrum method has simplified the evalua- 
tion of these wave theory expressions enormously. 
Using the method described previously [4], one 
can establish the following general expressions for 
the radio-star problem: 
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go as on as the ray theory result (3. 3.2). 
2 2 he Fresnel regime (y<1) gives the geometrical 
t= I aasiow (SI), 3.4.1) 





optics phase result (3.3.2) directly. Using the 
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7? 1 Explicit expressions for the phase and amplitude 
®(2)=57773, +0 (cz) (3.4.2) | correlations can be established by introducing 4 
(1+2") . particular spectrum model from table 1 into (3.4.1)| Ban 
1 and performing the single remaining wavenumber } can 
¥(2) =~" +0 (ez): (3.4.3) | integration. Barrows [35] has evaluated these in-| or r 
2(1+2’) kL tegrals for the Exponential, Gaussian, and Bessel} the | 
: ; ; models, and finds 12, | 
The corresponding filter factors in the spettral inte- and 
grals of (3.4.1) are plotted together in figure 11. bou! 
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08 ; 
| where the scattering parameter-dependent functions K 
| | have approximately the same form as the filtering) _— 
| | functions @(x) and ®(x). The results obtained inf 
0 (x) a this way are substantially the same as those ob- 


tained by Fannin [42], Mintzer [6], Obukhov [39], 
and Chernov [40] by the more laborious direct} pyey 
| calculation of six-fold volume integrals. Since their in 

os a a | V(x) results differ in details of propagation geometry,) * 
| space correlation models, and scattering theory, 















































| we have constructed table 3 to summarize the} | T 
0 | | essential assumptions and results of each paper. desc 
0 1 2 3 4 5 The derivation of expressions (3.4.1) given in the 
k?Ld reference [4] does not lend itself to calculating space} (2-5 
SCATTERING PARAMETER, x= 27 " - 4 
and time correlation effects. A new method was 
Ficure 11. Fundamental scattering filter factors for wave devised which combines the integral expressions 
theory treatments of line-of-sight propagation. (3.2.6) and (3.2.7) with the original representation 
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(2.3.1) of the space correlation function, rather than 
the specialized form of eq (2.3.2). For example, 
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(3.4.5) 


Barrows [35] has found that the volume integral 
can be evaluated rigorously for either the radio star 
or relay link problem. In principle one can include 
the influence of ground reflections indicated in figure 
12, by simply redefining the Green’s function G(R,r) 
and incident field j(r) in eq (3.4.5) to satisfy the 
boundary conditions at the earth’s surface. This 


can be accomplished analytically for a perfectly 
conducting earth by simply adding image sources 
and image scattering blobs to represent the ground- 
bounce paths. 
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Ficure 12. Typical ray paths for line-of-sight propagation 
including ground reflected effects: (a) Relay link & (b) radio 
star problems. 


The new representation (3.4.5) is well adapted to 
describing time autocorrelations of the phase. Using 
the space-time correlation spectral representation 
(2.5.2), we find 


(a(thalt+2))= 25 dK S(ke)n(k,r)e~ #2" 


| 2 


4 il Bre? Im (@Q(R,r) E(r)] | (3.4.6) 
Pie 


which uses precisely the same geometrical propaga- 
tion integrals required for the phase variance calcula- 
tion in (3.4.5). Space correlations follow directly 


=) 
if one replaces the drift displacement Ur with the 
~ 


placed coordinate system indicated by figure 13 is 
employed. If the wavenumber integration is per- 
formed in polar coordinates, it is found that the 
geometrical integrals do not depend on the (k) 
azimuth angle, and therefore, 





receiver separation D, providing the appropriate dis- 
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Figure 13. Coordinates for calculation of phase correlation 
between adjacent receivers. 
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The effect of aperture smoothing with a circular 
parabolic dish of radius a can be evaluated by the 
same integration technique used with the less ac- 
curate geometrical optics solution [4, 31]. 
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Even the difficult question of polarization dependence 
can be discussed conveniently in this framework, if 
a tensor Green’s function is used in the Born ap- 
proximation [24, 25]. In this way one can build up 
theoretical estimates of considerable interest to 
measurement programs. The method keeps the 
geometrical and turbulence problems separated until 
the last possible step, so as to allow each to develop 
as fully as possible. 


3.6. Physical Interpretation of Scattering 


It is valuable to pause briefly to re-examine the 
mathematical expressions (3.2.4) introduced by the 
Born approximation. Figure 14a indicates a typical 
singly-scattered ray trajectory for the radio-star 
problem. The scattered ray path concept may be 
identified with terms in the integrand of (3.2.4). 


a) 

Tle incident plane wave £,(r) propagates recti- 

linearly to the scattering volume element d*r. The 
-> 


dielectric fluctuations Ae(7,t) scatters a small fraction 


217 














b 
DOUBLE SCATTERING 


Figure 14. 
plane wave by a semi-infinite region. 


—! 
of the wave £,(r) in all directions. (This reradiation 
is strongly concentrated in the forward direction, 
since the refractive variations act like very weak, 
overlapping lenses with radii of curvature /, much 
larger than the radiation wave length). A portion 
of the scattered energy is propogated along the line 
> 


~* 
connecting the receiver FR and scatterer 7. The 
propagation of this component is described by the 
Green’s function (3.2.5), which characterizes the 
spherical expansion of the (unit) scattered wave. 
The total scattered field is simply the summation 
of all such multipath contributions, as given by the 
integration (3.2.4). These scattered waves are out 
> 
of phase with respect to the primary signal /, pro- 
pagated along the line-of-sight, in virtue of their longer 
path lengths. Random fluctuations of the strength 
of these scattered components (i.e., Ae) give rise to 
the characteristic fading suggested by figure 4. 
The typical ray path for double scattering pro- 
cesses indicated in figure 14b can be compared with 
the second Born approximation 


E(R)= wa) ef d®rQ(R, r) Ae(r, t) En(r) 
V 
+k} @rf dr’ G(R, r)Ae(?, t) G(r, 7’) 
V V 


> > 
Ae(r’ ,t) Eo(r’) (3.5.1) 


The double integral term has the following meaning: 
> 
an incident wave F,(r’) falling on the first scattering 
-—> 
element d’r’ is scattered by Ac(r’,t), and reradiated 


— ae ~> 
to r by G(r,r’). The second element Ae(r,t) scatters 
the wave again and reradiates the result to the 


Ray paths for single and double scattering of 





>> 
receiver via G(f,r). The double integration simply 
sums the contributions over all possible pairs of 
scattering elements. 

This tracing of rays between scattering events js 
similar to Feynman’s diagramatic technique for 
describing the space-time history of particles in 
———s Electrodynamics [43]. In treating the di- 
electric fluctuations Ae as a sequence of scattering 
events, however, one must give up the concept of a 
continuously refracting medium. Phase fluctuations 
are no longer regarded as the result of random 
changes in the velocity of propagation along the 
line-of-sight path. Rather, phase instability is looked 
upon as the random composition of many multipath 
components with the primary signal (see ref [44}), 

Our description has been something less than 
accurate thus far in that expansions like (3.5.1) 

> 


imply more power at the observation point F than 
would have appeared in the absence of refractive 
fluctuations |,|?. We have evidently overlooked 
scattering out of the primary beam on the line-of- 
sight ray path to the receiver. <A scattering event 
robs the beam of some energy at each point along 
this path. Such losses are just compensated by 
energy which is projected back into the receiver by 
off-axis blobs. Inspection of figure 15 shows that 
for each point to which the line point scatters energy 
out of the beam, there is a corresponding point on 
the wave normal which projects an equal amount of 
energy back into the receiver at the same angle. 
If the receiver is isotropic, the two effects just cancel. 
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Fiaure 15. Singly-scattered ray paths for radio star problem 
indicating power balance between scattering losses out of the 
beam and projection of energy into the receiver by off-axis 
blobs. 


Energy can re-enter the primary ray only by a 
double scattering process, which changes its direction 
back to the original line-of-sight. This means that 
the power balance must be maintained at each level 
of iteration, and is related to the unitary relation- 
ships which must hold between the various terms in 
the Born series. It is important to observe that 
such conservation cannot be demanded of the fluctuat- 
ing field strength, but only of the averaged power. 
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4. Scatter Propagation 


The transmission of telephonic and even television 
signals well beyond the optical horizon at UHF fre- 
quencies is such an important component of world- 
wide communications today that it requires no 
historical introduction. Suffice it to say that weak 
but dependable communication signals are received 
out to distances of 1,000 km if sufficient transmitter 
power and receiver sensitivity are employed. The 
signal envelope is observed to fade in an irregular 
manner. This suggested that the propagation might 
be due to radiowave scattering by the refractive ir- 
regularities (turbulence) which were known to exist 
in the troposphere. The mathematical theory of 
this scattering was developed by Pekeris [45] and 
Booker and Gordon [46], using the single scattering 
approximation. 

The refractive scattering explanation of micro- 
wave propagation beyond the horizon is illustrated 
by figure 16. Turbulent blobs in the common volume 
of the receiver and transmitter are imagined to scat- 
ter minute fractions of the line-of-sight fields into 
the receiver. The case of omnidirectional aerials is 
shown in figure 16a, and indicates that the common 
volume is defined by the tangent planes to the trans- 
mitter and receiver. The incoherent addition of 
signal contributions throughout this volume gives 
rise to random orthogonal voltage components in the 
receiver, as suggested by the drawing. The narrow- 
beam case, shown in figure 16b, indicates that the 
corresponding scattering volume is controlled by the 
antenna patterns. 








b 


Figure 16. Geometry for scatter propagation beyond the 
horizon: (a) Broad beam aerials, and (b) narrow beam aerials. 





A substantial amount of reliable experimental data 
was first published in 1955 [47]. The overall experi- 
mental situation at that time was ably summarized 
by Bullington’s review paper [48]. Additional results 
have been published sporadically in succeeding years, 
and it is somewhat difficult to establish the precise 
state of affairs at this time. An up-to-date summary 
of theoretical research on the-subject in the United 
States was presented to URSI in 1957 by Staras and 
the author [49]. The following section extends that 
report by describing a considerable amount of un- 
published work. We also attempt to correlate the 
theoretical predictions with experimental results 
where possible. 


4.1. Signal Statistics and Vector Voltage Diagram 


The electromagnetic field received beyond the 
horizon via the scatter mode induces a complex 
voltage 

x(t) +iy(t)=R(t) ee (4.1.1) 
in the receiver, as shown in figure 16. The orthog- 
onal signal components z and y result from the in 
and out-of-phase incoherent addition of waves 
scattered from many independent blobs in the com- 
mon volume. Application of the Central Limit 
Theorem to this scattering process by many blobs 
ensures that z(t) and y(t) are distributed in a Gaus- 
sian manner. The components change randomly 
with time because of the changing phase relationships 
of the scattering contributions from randomly mov- 
ing blobs. The processes x(t) and y(t) are probably 
stationary over brief observation periods, but do 
exhibit diurnal and seasonal variations which are 
quite predictable. 

The probability distribution for amplitude R(é) 
and phase ¢(t) at a fixed time ¢ can be computed 
directly from the Gaussian distribution for x(t) and 
y(t) suggested above. It is usually assumed that 
both these components have equal variances o* in 
the far field scattering range of beyond-the-horizon 
propagation. 


P(ay)dady=— ed _ 
s71o” 


o vl—p 





exp tS Sa 
20?(1—p?) 


where 
@)=(y)=0 
(xy)=0"p. 


Transformation to the polar coordinates of (4.1.1) 
yields the joint amplitude-phase distribution. 


>d PR " 1— si 5 
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(4.1.2) 


Previous discussions of random signals have taken 
the cross-correlation (p) between the in and out-of- 
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phase components to be zero. This is justified for 
electrical shot noise which is a randomly phase- 
modulated signal. It is not justified for scatter 
signals, which are essentially amplitude-modulated. 
This cross correlation has been computed explicitly 
for line-of-sight propagation geometries [40], and is 
definitely not zero in that case. Although a similar 
calculation needs to be performed for scatter propa- 
gation geometries, it is quite possible that p has a 
finite value. 

The distribution of signal amplitudes is established 
by integrating (4.1.2) over all values of the phase, 
(—r to z). 


_ dRR R? p Rt 
ee a Ip mie exp—| seq | 
(4.1.3) 





If the cross correlation p were zero, this would reduce 


to the Rayleigh distribution for R [50, 51]. The 
Toot mean square amplitude is independent of p, 
Rims=V(R*)=0y2 (4.1.4) 


and forms a convenient amplitude reference. 

The probability that the amplitude exceeds a given 
level r is obtained by integrating (4.1.3) from r to 
infinity, and is plotted in figure 17. The theoretical 
curves for different p are plotted on Rayleigh paper, 
so as to exhibit departures from the straight line plot 
of a simple Rayleigh distribution (p=0). This 
curve indicates that finite values for the cross 
correlation enhance large values of R relative to those 
of the Rayleigh distribution. The probability of 
observing very small signal values is correspondingly 
smaller than for the Rayleigh case. It is quite 
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Figure 17. Probability that instantaneous signal amplitude 
exceeds a given level measured in terms of the RMS signal 
level for various cross correlations p. 





significant that this very departure has been ob. 


served experimentally on many scatter links [47, 52], ) 


It should also be noted, however, that a signal leve| 
trend superimposed on the random amplitude process 
would produce the same general behavior for finite 
data samples. 

The possibility of a steady signal being admixed 
with the random scatter signal cannot be ignored, 
especially on short paths where the ground wave 
or reflecting layers may be important. The cor- 
responding statistical problem of a constant vector 
plus a random process was summarized in section 
3.1. Itis apparent that the entire signal level distri- 
bution is raised by such an addition, which offers a 
third possible explanation for the non-Rayleigh 
character of the signal level distributions. 

The average signal level can be computed from 
(4.1.3). 


va =—— 2 V2 
<R>=¢e > [ vite? w(228) | (4.1.5) 


where E(x) is the complete elliptic function of the 
second kind. The correlation-dependent factor in 
square brackets varies by only ten percent over the 
entire range of p, so the Rayleigh form is an adequate 
expression. 

The distribution of signal phases can be estab- 
= by averaging (4.1.2) over all possible ampli- 
tudes. 


de yl—p’ 


This is plotted in figure 18 for 0<¢<z (since it is 
symmetric about the origin) and various p, indi- 
cating the departure from a uniform phase distri- 
bution which is usually associated with a Rayleigh 
distribution of amplitudes. 

The foregoing description applies to the signal 
fluctuations observed during an interval ranging 
from several minutes to several hours. A sub- 
stantial amount of experimental data is presented 
in terms of distributions of hourly medians, which 
are found to be ‘log-normally” distributed [53]. 
McCrossen [54] used this experimental result to sug- 
gest a phenomenological theory of nonstationary sig- 
nal distributions for all time spans. The essential 
idea is to treat the signal variance in eq (4.1.3) asa 
long-term random variable. It is assumed that a is 
sufficiently constant over intervals required for the 
averaging of short-term fluctuations. The quantity 
which is observed to be log-normally distributed is 
the hourly median of received power, 


Z=P,;=0" log 4=(R) log 2, (4.1.7) 


The 


where p is taken to be zero for convenience. 
distribution for Z is thus 


_ ds 


] 
ja 72, exp— 
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[oe 22a) —al) 


(4.1.8) 
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FicurE 18. Distribution of scatter signal phase angle ¢ for 


various cross correlations p. 


The corresponding short-term amplitude fluctuation 
must now be considered as a conditional probability 
density ; that is, given o or Z, the distribution of R is, 


2 log 2 
PR) = log 4 exp— {Bye}. (4.1.9) 


McCrossen [54] has evaluated the probability that 2 
exceeds a fixed level 7» at any instant, by integrating 
this expression over all possible values of Z, as well 


as R> 1. 
4.2. Electromagnetic Scattering 


The basic field eq (3.2.3) for propagation through 
a turbulent medium also generates the solutions 
which describe propagation beyond the optical hori- 
zon. The single scattering (Born) approximation 
(3.2.4) is consistently used to describe scatter propa- 
gation [7, 45, 46]. Ay is the field which would be 


2 
received at R if there were no refractive irregulari- 
ties, and is therefore the spherical earth diffraction 
field at points beyond the horizon. It has been 
established experimentally [47] that the scatter field 
strengths are many orders of magnitude greater than 


508098—59—8 





the diffracted fields 50 km beyond the horizon, so 
that H, must be omitted as the source of the scatter 
signals. This leaves the integral term in eq (3.2.4), 
which we have identified with single scattering of 
direct rays by the refractive blobs, as in figure 19a. 
The initial field Z) is that which would be received 
at the scattering blob by line-of-sight propagation 
from the transmitter. The scattered wave proceeds 
from irregularity to receiver along the second 
(dashed) line-of-sight path, and is thus generically 
similar to the relay link problem characterized by 
figure 3a. The crucial difference lies in the scatter- 
ing region V, which is now the common (wedge- 
shaped) volume defined by the intersection of tan- 
gent planes at the transmitter and receiver (see 
fig. 19a). 





Primary Line-of - Sight Field 
—— — Scattered Field Ray Path 
sreocccconece Diffracted Field Ray Path 


Figure 19. Ray paths for scatter propagation: (a) Common 
(wedge) volume for line-of-sight ray paths, and (b) scattering 
of diffracted wave in shadow zone. 


The scattered field represented by the integral 
term in the Born approximation (3.2.4) gives rise to 
orthogonal signal components x(t) and y(t) which are 
in- and out-of-phase respectively relative to the 
comparatively weak phase reference ). 


2-+iy=FE,= Fk? { d®rQ(R,r)Ae(r,t) Eo(r) sin x, 
iv 
(4.2.1) 


F is the receiver gain factor, 


F?=Ap=— 
Ar 
which transforms field strength (volts/em) into re- 
ceiver voltage (volts). We omit the polarization 
factor sin x for the time being. Separating (4.2.1) 
into real and imaginary components 


r()=F{ d®rAe(r,t) Re [ -Hace) y(t) } 
" 


yi=F d’rAe(r,t) Im | -HeUn wr) 
m 
(4.2.2) 
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completes the identification of voltage components 
in figure 16a and eq (4.1.1). 

The variance and cross correlation of the orthog- 
onal voltage components required in (4.1.2) can be 
established from these expressions using the spectrum 
method, as given by (2.3.1). Interchanging the 
orders of wavenumber (k) and scattering volume (7) 
integrations yields compact results similar to (3.4.1) 
in which the turbulence model S(k) and geometrical 
considerations are explicitly separated. 


n2 23 > => 2 
=i wkS(h) f @re*? Re [ bear) Ev) | 


12 cali > > 72 
w= fonsay @re® Tm [ Hacer Ea(r | 


12 3S 323 > 
(cy) =a [PRS(L) { [ere Re | MGR) Er) |S 
x { f dre*? Im [ erat tar) |} (4.2.3) 
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The last integral is real in virtue of the Hermitian 
property of the spectrum S*(k)=S(—k), which 
follows from eq (2.3.1). The twe basic scatter 
propagation integrals contained in (4.2.3) have not 
been evaluated explicitly to date. They have been 
attacked by the author at two levels of sophistication. 
The first method employs the simple common volume 
cutoff indicated by figure 19a. (7) is taken as a 
spherical wave expanding from the transmitter, and 
G(R,r) is the free space Green’s function of eq 
(3.2.5), representing unshielded expansion of the 
scattered wave from the blob to receiver. The 
common volume is then the wedge-shaped region 
described above and it is convenient to use rectangu- 
lar coordinates centered on the wedge apex and the 
great circle plane between transmitter and receiver. 


The second approach is indicated by figure 19b 
and recognizes the role of both line-of-sight and dif- 
fracted primary and/or scattered waves. In this 
case, one takes Ey to be the actual (series) solution 
for a dipole radiating above a spherical conducting 
earth. This automatically includes line-of-sight 
propagation to blobs in the common volume, as well 
as blobs below the horizon which are reached only 
by the diffracted component of Ey. Subsequent 
propagation of the scattered radiation must also 
recognize the earth-screening effect, which is to say 
that the Green’s function G(R,r) must be that appro- 
priate to the exterior of a conducting sphere. How- 
ever, this is just the field due to a unit dipole placed at 
the scattering point, and is therefore given again by a 
series solution of the form used for &. This ap- 
proach treats the three types of scatter paths shown 
in figure 19b exactly, and Madilon the scattering of 
diffracted waves and diffraction of scattered dif- 
fracted waves in a natural fashion. This refinement 
is probably of academic interest only, since Arons [55] 
has concluded that such effects are quite small for 
normal scatter circuits. This approach does have 








the advantage of treating height-gain effects and 


near horizon paths in a unified manner. The volume 
integrations in (4.2.3) required for this approach are 
not trivial and the surviving summations must be 
performed by the Watson transformation [56] in 
the end. 

All of the precise development described above 
is essentially new and unpublished. The con. 
siderable theoretical literature on scatter propaga- 
tion is based on the cross section approach which js 
built on a series of approximations to the integral 
representation (4.2.1) for the (complex) scattered 
field, and treats only the average scattered power 
(R*?)=(x?)+(y’?). The first step is the far field 
approximation, which notes that the scattering 
blobs are always many, many wavelengths from 
both the transmitter and receiver (see, however, 
ref. 24). This allows the scalar distance between 


the receiver R and variable scattering point r to be 
expanded as follows: 
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~ 
where k, is the propagation vector of the scattered 


-—> 
wave (|k.|=k,;=27/A). The field Z, incident on the 
point r is representable as, 
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Ar R, 





Ey= 


-> 
where k, is the upgoing (line-of-sight) propagation 
vector. G, is the gain of the transmitter along 
. 
k,, and P, is the transmitted power. Combining 
these expansions with (4.2.1) yields: 


ei (ky — kp) 1—ke) Ge 
“RR, Ac(r, 74/8 (4.2.5) 


The mean square received power is given in terms 
of receiver aperture Ag=Gpd"/4r by 


E,25 yP;e™ iM dr 


=Ad\EP=2 “AI B rf dr’ (Ae(r,t) Ae(r't)) 





. et P(t, — hp) pt: (kh RS) 
VGRGnGrGr — PR RR! (4.2.6) 


where k,, k, and the gain functions are implicit 
functions of position. The second approximation 
is now invoked by noting that the space correlation 


in (4.2.6) vanishes unless the points r and , are 
within several hundred meters of one another. 
The other factors in the integrand are relatively 
insensitive functions of position, so that 


R,=R}, Ro=R, ki— he =hi —hka, Gr=Gr, Ga=Ge 
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over the important joint regions of integration. By 


transforming to sum and difference coordinates, 
r=r+r, and p=r—?12, 
one can rewrite (4.2.6) as 


F GpG 7. ack 
Pam rea J,” ans J, Peer e00». 


Because C(p) is nonvanishing only over a small 
volume of p space, the p integration can be extended 
over all space without misrepresentation. The 
Fourier inverse of (2.3.1) then indicates that this 
(difference) integral is nothing more than the 
spectrum S(k) evaluated at the uniquely important 
“scattering wavenumber ’’, 


K= [k,—hy|= 2 sin 0/2, (4.2.7) 


where 6 is the scattering angle formed by line-of- 








sight rays to the volume element d’r, 
P S (= sin *) | 
a EE ad Y : 
Praia {er FETE rar (4.2.8) 


This expression indicates that the scattering process 
selects those blobs in the hierarchy described by S(k) 
whose wave numbers satisfy (4.2.7). This corre- 
sponds to constructive interference of the waves 
diffracted by the appropriate grating (i.e., blob) 
spacing for the Bragg angle 6. This selective isola- 
tion of only a certain size class of blobs is equivalent 
to the narrow band filter shown in figure 20 applied 
to the spectrum of irregularities. 
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FicuRE 20. Typical spectrum of refractive irregularities show- 
ing narrow band filter at the scattering wavenumber which 
characterizes tropospheric scattering. 


6 is the average scattering angle and d is the radiation wave length. 








The expression (4.2.8) for received power is often 
quoted in terms of a scattering cross section 


(4.2.9) 


2 
a ON) =5 S (= sin 3) 


This cross section measures the energy scattered per 
unit volume V, into a unit solid angle dw which makes 
the angle @ with the initial Poyting vector S). This 
is illustrated in figure 21. The scattering cross 
section is always defined for a unit incident power, 
so that at a distance R from the scattering element V, 


_R*/|E,(R)|? 


ae 9 
vied | (4.2.10) 


a 
which is equivalent to (4.2.9) in virtue of the Born 
approximation (4.2.1) for E;. o has the units cm", 


since it is an ordinary cross section (cm?) per unit 
volume (cm~*). 





Figure 21. Geometrical description of scattering cross section 
o per unit volume and solid angle dQ per unit incident power. 


The angular dependence of o is often interpreted 
as the scattering polar diagram of an average blob. 
Reference to table 1 shows that almost all of the 
scattered radiation is projected into a small cone of 
beamwidth d/l, about the forward direction. This 
means that scatter propagation circuits depend on the 
extremely weak side lobes of the scattering blobs, 
which explains, in part, why large dishes and high 
power are required to operate such links. Fesh- 
bach [57] has suggested that many small angle 
multiple scatterings could be more efficient than a 
single large angle scattering. Such effects certainly 
become increasingly important at frequencies above 
1,000 Me and/or very long paths, since the con- 
vergence of the Born series is related to the smallness 
of the equivalent line-of-sight rms phase variation 
computed along the equivalent (kinked) ray path 
eq (3.2.11) with Z~d. If this view is correct, the 
entire subject. which is summarized in subsequent 
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sections, requires revision. Further research should 
be directed to this interesting point. 

The equivalence between o and S given by eq 
(4.2.9) can be used to produce the familiar expression 
for received power Pp~(R?) to transmitted power 
P,~|E,|? 


P, 16a [er R? R? G7G p. (4.2.11) 
The corresponding spectrum integral is more funda- 
mental, since the joint frequency-distance dependence 
is emphasized thereby. 


Pr_ 1 GrGp 4a e 6 
P, 16x? [er R?R? S F sin 5) (4.2.12) 


Data taken with very narrow beams (see fig. 16b) is 
usually expressed in terms of this ratio.’ If the 
beams are so narrow that the scattering angle, and 
hence the spectrum, is substantially constant over 
the common volume, the integration can be collapsed 


to 
Pr VG7G 4r . 6 
P,= xed zs (F sin 5) 





(4.2.13) 


since \~R,~d/2. The scattering volume is set by 
the aerial beamwidths @ and the transmission distance 
d by V~2(6d/4)*/0, where the average scattering 
angle is @=d/a for d<a. 
2rd 
su) 


The majority of broad-beam data is given with 
respect to the free-space power Prs which would be 
received over a line-of-sight path of the same 
length d. 


Pr BOG 


Pr 320? antes 


Prs_ Gr Gn 
Py, 4nd? 4n 





(4.2.15) 


This measure of transmission efficiency emphasizes 
the loss which is due to the scattering propagation 
agency alone, 


P 
stand erm s(F dun 5) ( .16) 


FS 


The receiver and transmitter gains also cancel in this 
expression, since they are relatively constant over 
the scattering volume. The equivalent expressions 
(4.2.12) and (4.2.16) will be used interchangeably 
in what follows. . 


6 Additional factors of two are sometimes included [49] in such expressions to 
represent the addition of ground refiected waves. Our gain factors are defined to 
include all such effects. 





4.3. Radiofrequency Dependence 


The variation of received power with carrier fre- 
quency can be established without evaluating the 
difficult volume integrals presented in the last section, 
This is because the value of \ and 6 relevant to most 
scatter paths combine to emphasize “scattering- 
wave numbers” which lie in the inertial range of the 
spectrum of tropospheric irregularities.’ The physi- 
cal models for S(k) are proportional to simple inverse 
powers of & in the inertial range, and the radio- 
frequency dependence of the power ratio expressions 
(4.2.12) or (4.2.16) can be brought outside the 
integrals. If S(k)=S)k-", one has from (4.2.12), 


eae | ar GrG@r So 
se 2 pP2 n 
Pr Jy RiR; (4" ii 5) 





(4.3.1) 


There is still a frequency dependence concealed in the 
gain functions, which is due to both wave length- 
dependent height gain factors and the absorbing 
area-gain relationship Ggp=Ar 47/d*. The ratio of 
received powers for scaled aerials on the same path 


is therefore 
(My 
Pr (Az) Ne 


The mixing-in-gradient model (2.4.6) corresponds 
to n=5 and predicts a linear-wavelength dependence 
of scattered power. This prediction is in good agree- 
ment with careful analysis of the data from nu- 
merous broad-beam experiments when the role of 
height gain factors is carefully included [58]. The 
same model implies a * variation for the ratio 
P,/Pr, which is quite consistent with narrow beam 
data [59]. It would appear that the \~°-** dependence 
predicted by the Obukhov model (2.4.4) is not con- 
sistent with present radio data. 

Bean [60] has studied the effect of tropospheric 
absorption on scatter signals as a function of fre- 
quency and distance, and finds that such effects do 
not influence the above conclusions. The variability 
of the frequency scaling exponent has been noted 
on all links, and one must be quite explicit about 
just which quantities are being compared on the 
two frequencies. It would seem that ratios of hourly 
means on the same path for the same hours would 
be the best choice of data, since [1] two widely 
separated frequencies do not fade together (see 
section 4.9), and [2] diurnal and seasonal effects 
may affect two frequencies differently. On the other 
hand, the NBS group finds that hourly medians on 
adjacent identical paths are not always the same, 
and a further examination of the problem is indi- 
cated. The above statements about frequency de- 
pendence refer to the average power, and hence to 
the average frequency exponent. It should be em- 
phasized that it is this average value, and not the 
extreme values, [58, 61] which should be correlated 
with present (smoothed) experimental data. 


(4.3.2) 


7 For example, if f=1,000 Mc and d=400 miles, A=1 ft and @=0.1 radian eq (4.2.7) 
gives K=2 m-, 
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4.4, Distance Dependence 


A large amount of experimental data on signal- 
power attenuation relative to free space drawn from 
reference [62] is plotted in figure 22. This is a hetero- 
geneous sample of long-term medians, obtained in 
most cases with broad beam antennas. The data 
were taken during the wintertime, mostly in the after- 
noon, when tropospheric scatter is expected to be 
the dominant propagation mode. These data have 
not been normalized for the effects of radiofre- 
quency, antenna heights, terrain or meteorological 
influences, which explains the considerable data scat- 
ter. If the observed linear wave-length dependence 
of the scatter signals is used to reduce these data to 
a common radiofrequency base, the data scatter is 
reduced.. The empirical curve drawn through the 
data corresponds to an exponential variation of 
signal power at large distances, with approximately 
0.1 db/mile. At shorter distances, the distance 
dependence is more complicated. 

The distance dependence of scattered power is 
not as simple to extract as the radiofrequency vari- 
ation. This is because such predictions depend 
upon careful integration of the spectrum’s angular 
dependence over the common volume V, which, in 
turn, is defined by the transmission distance d. The 
gain factors are essentially constant in (4.2.12), so 
that the distance dependence of the mixing-in-gradi- 
ent model (2.2.4) can be expressed in terms of the 
integral 


9) 

1 dh 

D mam ee nearness AON 

re \P na. ay (4.4.1) 
a 


where all factors in the integrand depend on the great 
circle path distance d. The mixing-in-gradient model 
is subject to a more severe test than other models 
because it contains no (adjustable) turbulence pa- 
rameters. The NBS group has used the meteoro- 
logically observed exponential variation of de/dh 
up to stratospheric heights to predict the experi- 
mental data presented in figure 22 quite well out to 
700 miles (61, 62]. 

A substantial amount of early theoretical predic- 
tion [58, 63, 64] was based on height dependences 
assumed for the mean square dielectric fluctuation 
<Aé>och~”. This also increased the distance scal- 
ing law exponent by n and supplied some of the 
missing exponents for older correlation function 
models thereby. Insofar as one believes in the 
physical theories of mixing models, it is more realistic 
to insert measured profiles for «(h) and let the 
theories be tested thereby. 

In making precise comparisons between theory and 
experiment, it is necessary to recognize several 
important details. The effect of (irregular) terrain 
obstacles in modifying the takeoff angles, and hence 
the minimum scattering angle versus distance rela- 
tion, led the NBS group to the concept of effective 
angular distance [58]. Refraction of the upgoing 
and downgoing beams by the mean profile « has 
been analyzed thus far by the equivalent earth radius 
method [58]. Bean [60] established theoretically the 
corrections due to tropospheric absorption on dis- 
tance dependent scaling laws. 

The simplest case to analyze is that for narrow- 
antenna beams, since the volume integration is then 
collapsed and approximated by eq (4.2.14). The 
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Ficure 22. Experimental data on distance dependence of tropospheric scatter field strength 


relative to free space for all frequencies, after Rice, Longley, and Norton [62). 
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mixing-in-gradient model (2.4.6) predicts the follow- 
ing distance scaling law, 


Pp de |? constant 
Pe~|l al, a (4.4.1) 
for identical antennas and height gain effects. This 
result is independent of turbulent parameters, 
whereas the Obukhov model (2.4.4) gives 


Pr de 2 RV) 


| es Oe constant. 





(4.4.2) 


Both models depend upon the gradient of the mean 
profile « at the average scattering altitude. This 
point rises as the path length is increased and the 
gradient probably decreases accordingly. The nar- 
row-beam data [65] suggests a scaling law of the 
form 1/d*, or possibly even e-**. Appropriate 
fitting of de/dh and/or ky in the foregoing can bring 
either theoretical result into agreement with almost 
any experimental scaling law, so that this type of 
measurement cannot be considered a very severe 
test of the theory at the present time. 


4.5. Absolute Power Estimates 


Probably the most difficult problem in scatter 
theory is to make reliable absolute power estimates. 
All of the explicit and implicit factors in (4.2.12) 
must be carefully evaluated. The following points 
must be recognized in reaching accurate power 
predictions: (a) Horizon limitations of local terrain, 
(b) height gain effects in the antennas, (c) lobe 
patterns of the antennas, (d) variation of dielectric 
regularity intensity with height, (e) refraction of 
primary and scattered rays, (f) absorption, (g) 
anisotropy influences, and (h) transmitter and 
receiver antenna loading. 

The problem has only been solved completely by 
the NBS group, using numerical techniques [61, 62}. 
They considered broad-antenna patterns with the 
mixing-in-gradient model and obtained good (ab- 
solute) agreement with experimental data. 

The problem is primarily one of finding a judicious 
coordinate system in which to perform the com- 
plicated volume integration of (4.2.12). The NBS 
spherical system [66] can be integrated exactly for 
many turbulence models [67], but is not adaptable 
to height-dependent scattering cross sections. The 
rectangular system used by Staras [64] circumvents 
this problem, but relies on approximations which 
are difficult to assess. It is anticipated that the 
precise integration schemes suggested by eq (4.2.3) 
will supply an accurate means for making absolute 
power level comparisons. <A _height-dependent 
factor (de,/dh)? in the spectrum enters into (4.2.3) 
as a factor de,/dh in each fundamental integral. 

An important achievement for scatter theory is 
the reliable prediction of signal strengths beyond 
the horizon from surface measurements of (deé/dh), 
at the earth’s surface [62]. This means that diurnal 
and seasonal (relative) variations of scattered power 











can be anticipated without recourse to complicated 
volume integrations, since the gradient profile, 


de __ de 
oo il, F(h), 


(4.5.1) 
permits the time-variable ground level factor to be 
removed from the geometrical integrals. 


4.6. Amplitude Stability of Scatter Signals 


The characteristic random fading of the amplitude 
of scatter signals is of considerable practical im- 
portance, since useful information can only be 
transmitted when the signal strength is above a 
fixed level. The temporal variations of the signal 
envelope are physically related to the incoherent 
addition of (random) Doppler-shifted waves received 
from different elements of the scattering volume. 
A typical time record of scatter signals is shown in 
figure 23, together with the time-displaced vector 
voltage diagrams corresponding to the instants ¢, and 
ty. The basic theoretical problem is to predict the 
joint probability that the signal amplitude will 
assume the values FR; and /, at times separated 
by an interval r=¢,—t,. The average time between 
maxima and zero crossings, amplitude auto correla- 
tions, etc., ‘can all be computed from such a result. 

The purely statistical descriptions of fading must 
be discussed first. The distribution of time-dis- 
placed signal amplitudes shown in figure 23 depends 
on the four dimensional probability density for the 
set (2, Yi, %2, Yo). Since the individual orthogonal 
signal components z(t) and y(¢) are considered to be 
distributed in a Gaussian manner at each instant, 
the required density is a four dimensional Gaussian 
multivariate form, 


y7\y—- 1 laa gg ay-1 
I (2) =F exp—5 2 2 Z:2Z,;M;;'_ (4.6.1) 


Rit) 














Ry 
Yy; $, Yo 


XxX) Xo 


Figure 23. Typical time record of randomly fading scatter 
signal amplitude with corresponding time-displaced vector 
voltage diagrams. 

{R) is the average amplitude and ¢ is the instantaneous phase of the signal. 
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where Z;=a(t), Z.=y(t), Z3=x(t+7), Za=y(t+7). 


o! the fading signal. 


(x(t) (x(t)y(t)) 
vu_| “Oy (y(t) 
: (a(t+r)a()) (a(t+r)y(d) 
(ey(t+7)) (y@y(t+7)) 


Jhe matrix M,,; is symmetrical because the compo- 
nent processes are assumed to be stationary. The 
cylindrical transformations z=R cos ¢ and y=R 
sin @ which define the signal amplitude and phases 
(see fig. 23) must be inserted into expression (4.6.1) 
to establish the time-displaced phase and amplitude 
distribution. This portion of the problem is ana- 
lytically very complicated unless the moment matrix 
M,; assumes especially simple forms, and it is desir- 
able to investigate the time correlations themselves 
before pursuing the statistical problem further. 

The propagation problem is to compute the 
moment matrix of eq (4.6.2) explicitly. This has 
not been done. One can, however, establish general 
expressions for the time-displaced correlations ® in 
M,, by using the integral representations for z(t) 
and y(t) established previously from the Born 
approximation (4.2.2), viz, 





The moment matrix M,, is the basic characterization ° 





(a(t)x(t+7)) (x(t)y(t+7)) 
(a(t+7)y(t)) (y(t)y(t+7)) 4.6.2 
(x?(t-+7)) (r(t-+7)y(t+7)) ite 
(u(t+r)y(t+7)) (y’(t+7)) 
x(t) =| @rde(r,t)H(r), 
V 
y(t) =f drAe(r,t) I(r), (4.6.3) 


where H(r) and J(r) are the real and imaginary 
parts respectively of the complex product [k’G(R,r) 
E,(r)| in eq (4.2.2). The appropriate averages can 
now be computed using the integral representation 
(2.5.2) for the space- and time-displaced correlation 
of dielectric fluctuations. 





(x(t)a(t+7r))= PrH() | dr’ H(r’)(Ae(r, t)Ae(r’, t+7)) 
a Vv 


: > >| 
“saat dk S(k)n [k, re“ "| 


YOylt+1)= Gs f Pk S(k)n(k,te*™ | ErJ(r)e 
“ IJV 


(x(t)y(t-+7))=(a(t+7)y(t)) 


“Gr 


The important point to note here is that the geo- 
metrical integrals involving H(r) and J(r) are pre- 
cisely those required for the same-time calculations 
of signal properties. Although these integrals have 
not been evaluated to date, it is significant that the 
two-time problem is no more difficult than the same- 
time problem as far as the propagation calculations 
wre concerned. 

The statistical problem has been treated hereto- 
lore [51, 69] by assuming very special forms for the 
ihoment matrix. 


(e) ===) =0? 

(2,22) = (YiYo) = 07 u(r) (4.6.5) 
r) is here called the basic propagation correlation 
efficient. All cross correlations are assumed to 


M| is the determinant of My; and M;;~' its inverse. 
rhe one-time components are special cases of the time-displaced correlations, 


»(ryO)=(Oy(t+7))r=0. 


1 Pk S(k)nlk,t)e-*"* (| @rH (r)e** dU Br’ (re *"" ) 
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re | 
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vanish identically. The joint probability density 
(4.6.1) now reduces to a comparatively simple form, 
which is readily transformed into the polar amplitude- 
phase coordinates of figure 23, 


llie 
4n’o4(1—y*) 
»2 = > Roe Ss — do 
“a = cs eh #)| (4.6.6) 


P[R,, R2,6,,657)= 





207(1—p") 


The joint amplitude distribution for R,; and PR, is 
obtained by integrating this expression over both 
phase angles. 
R RR, 1 
- Mii; Lie 202 (1—p2) a 
P[R,, Rj 7 =a | =o JC *? (44.7) 
[ 1) 2; 7] o*(1—p’) o?(1—yp’) 
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The amplitude autocorrelation can be expressed in 
terms of complete elliptic functions, 


(R(t) R(t+7))=(R,R.)=0? {2E(u)—(1—p?) K(u) } 
(4.6.8) 


and is plotted in figure 24 as a function of u(r). 
For large time separations (i.e., « small), this result 
approaches the square of the average amplitude, 


Tv ° ° ° 
(R)’=5 0°. For small separations or » near unity, it 


approaches (??)=20*. The frequency spectrum of 
amplitude variations can be obtained from (4.6.8) 
by the Fourier cosine transformation, if u(r) is 
known explicitly as a result of propagation calcula- 
tions. 
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Figure 24. Normalized autocorrelation of scatter signal 


amplitude versus basic propagation correlation coefficient 
B (7). 


The envelope fading rate, or average number of 
positive crossings of the median signal level 2 per 
unit time in figure 23, is a convenient measure of 
the time-varying random signal. This fading rate 
N can be identified in the small argument expansion 
of the amplitude autocorrelation [30]. 


(R(t)R(t-+7))=(RY1—(@ Nr)?» J. 


If the basic propagation correlation coefficient u(r) 
has a similar expansion, 


u(r)=1—fy7}? . . - 


Reduction of expression (4.6.8) leads to the following 
relationship: 


(4.6.9) 


(4.6.10) 


N=. (4.6.11) 
y2 

The basic propagation problem is to predict the 

radiofrequency and distance dependence of 7. 

Early studies of fading rates on scatter links 
recognized that the primary fading mechanism was 
due to Doppler-shifting of the signal by motion of the 
scattering medium. An rms sum of the drift velocity 
U and average eddy velocity Vy) was imagined to 
give the effective speed [32, 68] 


= j 3) 1 72 2 
=| (20 sin sy +t | » (4.6.12) 





where 6 is the average scattering angle in the com. 
mon volume. The linear frequency dependence js 
characteristic of simple Doppler-shifting. 

The geometry of a broad-beam scatter link shown 
in figure 25 indicates, however, that the situation js 
rather more complicated [69]. Consider first the 
midpoint (A) in the scattering volume. — Since 
Doppler shifts are only caused by net elongation (or 
contraction) of the propagation path, the predomi- 
nantly horizontal drift will cause no tading of the 
signal scattered from midpoints. On the other hand, 
the smaller random velocity V) has an arbitrary 
direction and can impose Doppler shifts on this 
component of the scattered signal. Consider next 
an offcenter scattering element (B). The drift 
velocity U now has a small component U, which 
bisects the propagation paths, and therefore does 
impose a Doppler shift. The fading contribution of 
these off-axis blobs is small because: (7) U, is a 
small projection of U, and (ii) the power scattered 
from point B is considerably smaller than that from 
point A due to the larger scattering angle 6’. Direct 
confirmation of this prediction was obtained by the 
Lincoln Laboratory Group [59], who noted that the 
fading rate decreased when very narrow-antenna 
beams are swung simultaneously away from the 
path midpoint A. 

A considerable advance in analyzing this fading 
phenomenon was made recently by using the spectral 
representation of the turbulent dielectire fluctuations 
[14]. The explicit separation of drift and random 
velocity contribution to the space-time correlation 
of Aein eq (2.5.2) suggests the following time-displaced 
generalization of the cross section result (4.2.12), 





Fiaure 25. Geometrical description of doppler shifts imposed 
> + 


by horizontal drift speed U and random velocityV, at: (.A) 
Path midpoint, and (B) off axis scattering volume elements 
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(R()R(t+r)~ | d'rS\RK}) gk Ory [Voko!*| Kr], 
JV 
(4.6.13) 


> 
where K is the scattering difference vector defined by 
(4.2.7). Since the major component of the drift 
speed is usually horizontal, and therefore perpendicular 


> 

to K for midpoint scattering, the significant contri- 
bution of drift is made by volume elements far from 
the midpoint. The random self motion V, has no 
such projection factor and contributes throughout 
the scattering volume. Expansion of (4.6.13) in a 
power series of 7 and identification with expression 
(4.6.9) indicates that the fading rate due to self- 
motion is proportional to f?”, while drift motion 
gives the usual linear Doppler dependence on fre- 
quency. Available data indicates a variable fre- 
quency exponent less than one [32], so that some 
mixture of the two effects is indicated. Further 
experimental results are needed, especially data on 
the distance-dependence of N. The theory needs 
to be clarified by evaluating u(r) from eq (4.6.4) for 
several propagation models. 


4.7. Phase Stability of Scatter Signals 


The phase stability of scatter signals has received 
little attention to date—either theoretically or 
experimentally. The question is potentially quite 
interesting because of the possibility of passing stable 
frequency references beyond line-of-sight by this 
mode. Frequency excursions about a single carrier 
are completely equivalent to time rates of change of 
the signal phase $(¢) defined in figure 23. The mean 
frequency change is thus given in terms of the auto- 
correlation of phase 


! 


d? 
=— (6(t)o(t+7)) 
=0 dr r= 


=(o(t) o(t-+7)) 


(6f*) 
(4.7.1) 
The relative change in phase between two instants, 


(1p( 4) —O(t + 7) |?)—~2[(g?)—(@(t) 9 (t+7))], (4.7.2) 
is independent of the absolute path phase reference, 
and is probably easier to measure experimentally. 
The central quantity in such studies is the auto- 
correlation of phase taken between two instants. 
lor the special assumptions indicated by (4.6.5), it is 
possible to derive this result in terms of the basic 
propagation correlation coefficient u(r). Integrating 
6.6) over the amplitudes R, and R, gives the dis- 
‘bution for ¢, and ¢, deduced by Bunimovich [70] 


Tv . 
=+ sin~'w 
(i—p) 1 2 
Pl¢1,¢2;7]="5—_] — +0 © 
[61,6237] Ar 1 s+w 


—ww* (1—w*) 3/2, 


(4.7.3) 


iere w=p cos (¢:—q¢2). Wagner ' has used this 
sult to calculate the phase autocorrelation, 


R. J. Wagner, to be published. 





(6(t)o(t-+7))=5 sin" 
eer eon 
+5 [sin “ura | dz{sin~'(u cos x)|? = (4.7.4) 
2 0 


and this is plotted in figure 26 versus yu(7). For 
very large 7 or uw small, the phases are completely 
uncorrelated. For u unity, expression (4.7.4) ap- 
proaches the mean square value (¢’)=7°/3. 

It is interesting that the phase correlation can be 
inferred from experimental data on amplitude corre- 
lations, since » is only a parameter which may be 
eliminated between eq (4.6.7) and (4.7.4). When 
the more general moment matrix (4.6.2) is used, 
however both results will depend on two or more 
basic functions of 7. In that case, it is still possible 
to convert phase into amplitude data and vice versa 
by eliminating 7, although one must first complete 
explicit progagation calculations for u(7), ete. 


4.8. Space Correlation and Diversity Reception 


A combination of two or more spaced receivers is 
frequently exploited to overcome signal loss during 
deep fades. This diversity reception depends upon 
spacing the antennas sufficiently far apart to insure 
independent fading of the two signals. The best. 
experimental data available is that taken at 1,046 
Mc by the NBS group [72]. The statistical problem 
is very similar to that illustrated in figure 26, if 
one reinterprets R, as the instantaneous signal 
amplitude induced in the first receiver and FR, that 
induced in the second, at the same instant. The 
joint probability density for R, and #, is given by 
eq (4.6.7), if the basic correlation coefficient »(D) 
is now the space correlation between the orthogonal 
signal components at the two receivers. Staras [73] 
computed the probability that the greater of the two 
(diversity) signals is above a specified level, as a 
function of the correlation coefficient » (D). These 
statistical predictions have been checked against 
experimental data [74] and seem to fit quite well. 

The propagation problem is to estimate the space 
coefficient » (D). Gordon [63] and Rice [68] pre- 
sented qualitative analysis which showed that the 
correlation distance normal to the propagation path 
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(horizontal and vertical) ought to be of the order 
ha/d, where d is the transmission distance and a 
the radius of the earth. A correlation distance 
da?/d? along the path was also estimated. The 
RCA experiments [74] at 390 Me for path lengths 
of 73 and 153 miles, however, failed to show the 
predicted decrease of horizontal and vertical corre- 
lation lengths with path distance. On the other 
hand, the simple wavelength dependence of these 
results is borne out by multiple frequency experi- 
ments [53, 75]. 

Analytical propagation calculations of all three 
correlation functions" as functions of receiver 
separation distance were derived by Staras [64], 
using the exponential space correlation model. 
His results have the same form as Gordon’s, but are 
numerically different by substantial factors. Staras 
also included the effects of anisotropy in the refrac- 
tive irregularities and found that this affected the 
predicted horizontal (transverse) correlation distance, 


1.497 fa 
a. (5) », 


where r is the vertical-to-horizontal scale length 
ratio. By fitting data taken on 100 and 1000 Me 
[53, 72] he suggested that this ratio should be about 
0.25. Such comparisons are important in that they 
bear directly on the question of anisotropy, but more 
good data is needed. 

The realization of plane-earth height-gain advant- 
ages is limited by space coherence between the actual 
receiver and its image. The usual height-gain curve 
is realized if the antenna is less than one-half the 
vertical correlation distance (Aa/2d). Only slight 
improvement is gained above this height by the 
gradual decrease of the scattering angle. 


(4.8.1) 


4.9. Frequency Correlation and Medium Bandwidth 


The signal-frequency bandwidth which the scatter 
medium can support without serious distortion is 
intimately related to the multipath delays which 
are experienced. These depend upon the size of 
the effective scatter volume, which in turn is de- 
termined by the antenna bandwidths and/or the 
scattering pattern of the blobs. When the antenna 
patterns (8) are broad, the multipath is controlled 
by the scattering blobs and the approximate result 
of Gordon [63] predicts that 


5ea® _d 
Af= BD >a (4.9.1) 
or numerically 
Afme=30/d’, 


where d is in hundreds of miles. This result shows 


11 Along, horizontally normal (transverse), and vertically normal to the 


propagation path. 





that the bandwidth decreases rapidly with distance, 
Rice’s estimate [68] of Af varies inversely with the 
path length d, but is based on an oversimplified 
physical model. 

A real improvement in bandwidth capabilities is 
obtained with very narrow beams. Although some 
antenna gain degradation is experienced with 
narrow beams, the angular distribution of multipath 
signals which are admitted to the receiver is reduced 
and the bandwidth thereby increased. Booker and 
de Bettencourt [76] examined this problem for beams 


narrower than the average scattering angle 6=d/a 
and found 
4ca d 
my. “4 9.9 
Af Bd?” ae (4.9.2) 


This result indicates steady improvement with an- 
tenna size and decreases less rapidly with distance 
than (4.9.1). When aircraft fly through the path, 
the solid bistatic reflections from them supply a 
multipath signal of unusual magnitude and the above 
estimates for broad-antenna beams are meaningless, 

Figure 27 indicates typical successive plots of 
amplitude versus frequency, such as might be ob- 
tained by sweeping a narrow-band transmitter 
about thé carrier fo. The joint amplitude distribu- 
tion (4.6.7) can be used to describe this situation if 
R, is interpreted as the signal strength at fo and R, 
that at fo+Af. The basic correlation function yu is 
now a function of the frequency separation Af and 
other propagation variables. If the correlation is 
high, it means that the signal components at either 
end of the frequency band being used are behaving 
essentially in unison, and little or no distortion is 
expected. Staras [64] evaluated substantially this 
function directly for omnidirectional antennas with 
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Figure 27. Typical successive amplitude records plotted ver sus 
carrier frequency over a band Af. 


The receiver threshold level indicates the role of absolute power level in cori:la- 
tion comparisons, 
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tle exponential space correlation model, and finds 
that the frequency correlation drops to 0.5 when 


4 : 
Af mes=773 (4.9.3) 
d 
where d is in hundreds of miles. Reference to 


ficure 24 indicates that (4.9.3) refers also to the 
envelope (R) correlation, so a factor of eight differ- 
ence exists between (4.9.1) and (4.9.3). This prob- 
lem evidently requires further clarification and care- 
ful comparison with experimental data. It is 
possible to use the spectral separation of turbulence 
and propagation effects indicated by (4.6.4) to 
calculate the frequency correlation coefficient (Af). 
One need only evaluate the results of the frequency- 
dependent geometric integrals at displaced fre- 
quencies and set 7=0 in (4.6.4). 

The published experimental data has been taken 
with narrow-antenna beams, and is therefore not 
directly useful in resolving the theoretical conflict. 
The recent Lincoln Laboratory data [77] measures 
the frequency correlation in the manner of figure 
27, by using a rapid frequency-change system. 
Their results indicate that signals separated by 2 
Me at 2,300 Me over a 188-mile path give an ampli- 
tude correlation of 0.4. This is consistent with 
the television experiments of Tidd [78] on a similar 
path at 5,000 Me. 

It is important to note that the receiver threshold 
level influences the apparent bandwidth of a system. 
Figure 27 indicates how amplitude fading at time 
t, can reduce the frequency band over which the 
signal is correlated with the proceeding signal. 
This has lead to the concept of ‘instantaneous 
bandwidth,” which finds application in designing 
efficient modulation systems to work with the scatter 
propagation mode. 


4.10. Gain Loss or Antenna-to-Medium Coupling 


When very narrow beams are used on scatter 
circuits, it is found that free-space antenna gains 
are not realized. This is known as gain loss or 
antenna-to-medium coupling loss and arises from 
the fact that signals arrive at the receiver from an 
extended scattering volume V. Narrowing the 
antenna beam eventually reduces this common 
volume faster than the aerial gain is increased (see 
fir. 16b) so that a relative gain loss is incurred. 

Booker and de Bettencourt [76] analyzed this 
problem for similar conical antenna patterns at 
th transmitting and receiving ends of the circuit. 
Ti cy argued that no gain loss should be incurred so 
lo: s as the beamwidth @ is greater than %d/a._ When 
tl beams are sharper than this average scattering 
ai je, they suggest that a relative power loss factor 


7a’ 
L=0.43 (<;) 


They point out that this result is 


(4.10.1) 


Ww be incurred. 
pi vably too large because the height dependence 





of (Ae?) was neglected and sharp beams were em- 
ployed. The calculations by Nortion, Rice, and 
Vogler [58] used an exponential correlation function 
and an inverse square height dependence of (Ae). 
Staras [79] treated anisotropic irregularities and 
dissimilar antenna patterns. His results are between 
5 and 8 db less severe than these predictions by 
Booker and de Bettencourt, and seem to give rather 
good agreement with experimental data. 

Hartman and Wilkerson [80] have reinvestigated 
the problem, using an exponential decrease of iso- 
tropic turbulent fluctuations with height. Their 
calculations produce gain loss estimates which are 
several decibels less than those predicted by Staras, 
and in good agreement with considerable experi- 
mental data. 

4.11. Beam Swinging 


It is found experimentally that the scatter signal 
amplitude decreases when narrow beamwidth an- 
tennas are jointly swung off the great circle path, 
or simultaneously elevated as shown in Figure 28. 
For azimuth swinging, the effect is simply to increase 
the average scattering angle @ between the ray paths 
(beams) [81]. This reduces the scattered power 
because of the large exponent of sin 6/2 in the various 
scattering cross section expressions (see sec. 4.2). 

Booker and de Bettencourt [76] analyzed the effect 
of swinging the transmitting and receiving aerials 
simultaneously in azimuth and elevation. They 
used a height-independent exponential correlation 
to make estimates of this power reduction, which 
are apparently in good agreement with available data. 

The dependence of power loss on elevation swing- 
ing must also recognize the observed decrease of 
turbulent intensity with height. Since (Ae) prob- 
ably decreases exponentially with height, the con- 
comitant scattering height change AA can effect the 
power levels significantly if it is comparable with the 
atmospheric scale height /7=22,000 ft. The prob- 
lem evidently needs further analysis and comparison 
of theory and experiment. 





FicurE 28. Geometry for vertical beam swinging experiment 
showing increased scatter angle and higher common volume. 
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Study at 1046 Megacycles per Second of the Reflection 
Coefficient of Irregular Terrain at Grazing Angles 
Raymond E. McGavin and Leo J. Maloney 


(February 12, 1959) 


An experimental determination of the reflection coefficient over rough terrain is reported. 
The reflected signal received over rough terrain is considered to be made up oft wo com- 
ponents, one that is a specular component and the other a Rayleigh-distributed component. 
Where one terminal is low, the Rayleigh component is considered to be small with respect 
to the specular component but increases in relative magnitude as the height of the lower 


terminal increases. 


significant, and the reflected energy is essentially Rayleigh-distributed. 


A terminal height is reached where the specular component is no longer 


A terminal height 


is quickly reached above which the mean value of the reflected energy is relatively constant, 
of a low value, and independent of the grazing angle. 


1. Introduction 


The interest in rough-terrain reflection has led to 
the publication of a large number of papers on this 
subject in recent years. The complexity of the 
problem is evidenced by the many different ap- 
proaches to reasonable and usable solutions. The 
most obvious approach to the problem would be to 
consider rough-terrain reflection as a modification of 
smooth-terrain reflection (i.e., specular reflection) 
and attempt to express the rough-terrain reflection 
coefficient in terms of the smooth earth or Fresnel 
reflection coefficient. However, the problem is not 
at all that simple. 

The field measured at a point in space above the 
earth and within the radio line-of-sight of the trans- 
mitter is the vector sum of a number of signal 
components arriving at the receiver over a number 
of different paths. In general, there is a single 
wave that arrives directly from the transmitter, 
while others arrive after being reflected at least once 
from the intervening ground. Ideally, where the 
ground is a smooth surface, modified image theory 
adequately describes the received field, which is the 
vector sum of a direct wave and a single ground- 
reflected wave [1].!. Where the ground contains 
known irregularities, few in number, and where the 
reflecting area is small, a reasonable estimate of the 
reflected energy can be determined on a Fresnel 
diffraction basis [2]. However, if the irregularities 
are numerous and haphazard and if the reflecting 
area Is extensive, it is very difficult to determine 
Iisnel zones. 

ome methods of treatment have been proposed 
|. rough 10] for a rough surface where an exhaustive 
k\ owledge of the surface is available, or where the 
si Jace js such that it can be approximated by a 
s) ple function or where the irregularities are small 


ures in brackets indicate the literature references at the end of this paper. 





with respect to the wavelength. In the absence of 
such idealized conditions, an analytical determination 
of the coefficient of reflection is not possible, and 
it has been common practice to assume specular 
reflection even over rough terrain when the reflec- 
tion occurs near grazing relative to an average 
smooth ground. 

Any successful theory would have to explain the 
inherent relationships between the pertinent para- 
meters. The authors of this paper do not attempt 
to propound a theory to explain the physics of 
reflection from extensive randomly rough terrain 
having large irregularity, but do attempt to point 
out some relationships between these observed 
parameters. The approach must be statistical since 
it can be shown that, for such surfaces only this 
method leads to practical application [7]. Atten- 
tion will be concentrated on grazing angles which are 
of greatest interest. The angle between the incident 
wave and the tangent to an approximating smooth 
surface at the point of reflection will be called the 
grazing angle if it is less than 5°. 


2. Experimental Procedure 


During August of 1954, a series of aircraft flights 
were made over transmission paths in eastern Colo- 
rado and western Kansas. Three paths were in- 
vestigated: one originating at the Cheyenne Moun- 
tain transmitting site near Colorado Springs, Colo. 
passing through Haswell, Colo. and continuing 
beyond; another from, Pikes Peak through Haswell; 
and a third from Fort Carson through Haswell. 
The mean ground elevation of these paths varies 
from 6,200 ft relative to mean sea level near Chey- 
enne Mountain to 4,200 ft in western Kansas. The 
object of the flights was to investigate the distribu- 
tion of received field strengths along these paths at 
an operating frequency of 1,046 Me using horizontal 
polarization. A complete description of the trans- 
mission facilities can be found elsewhere [11]. Table 
1 shows the pertinent data concerning the trans- 
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mitting and receiving system. All flights with the 
exception of the 7,000-ft and the 10,000-ft flights on 
the Cheyenne Mountain path were flown in a west- 
to-east direction. For the flights in the opposite 
direction, any difference in the antenna pattern and 
gain due to the required change in mounting was 
ignored, since absolute values of the field or even 
values of the field relative to each other for any two 
flights were not required. Diurnal effects in the 
characteristics of transmission have also been 
neglected since such effects would be expected to 
influence the values of reflection coefficient obtained 
only slightly. Likewise, standard air refraction is 
assumed; although the meteorological data collected 
at the time indicate some departure from a standard 
atmosphere, this also would not be expected to 
affect our conclusions appreciably. 

Visual checkpoints were used to maintain the 
aircraft on the path and to locate the aircraft over 
the terrain. For purposes of calculation, it was 
assumed that the aircraft maintained a constant 
speed between checkpoints. This assumption seems 
warranted as the average speed for successive sectors 
did not vary by more than 5 percent. 

For the most part, the entire region over which 
these measurements were made is very dry and is 
considered to be semiarid. A major portion of the 
ground is covered with Buffalo grass and sagebrush; 
a small part is under cultivation. The entire region 
is essentially without trees. Although there are 
isolated ranches and farms, there are no areas of 
concentrated population along the paths. 


3. Analysis 


3.1. Interpretation of the Reflecting Surfaces of the 
Flight Paths 


Inasmuch as Rayleigh’s criterion of roughness has 
been generally accepted as an estimate of the effec- 
tive boundary between rough and smooth terrain, 





this criterion has been used in the following analysis. 











Rayleigh’s criterion of roughness, 
Ag= Ah sin y, 


is an expression relating the root mean square devia- 
tions of the surface from a smooth surface (Ah), the 
wavelength of the signal (A) and the grazing angle 
(y). This phase difference (A¢) of rays reflected from 
different levels of a surface determines the effective 
surface roughness. Critical values for this expression 
ranging from 7/2 to 0.1 have been used by various 
authors [12, 13, 14]. Beckman [7] uses this criterion 
to determine the existence of a horizontal reflecting 
element in a profile. He also uses a modification of 
the same expression to determine the classification 
of the surface reflection, from one that is character- 
ized by the Dirac distribution as one extreme, to one 
that is characterized by the Rayleigh distribution as 
the other extreme. In any case, irrespective of the 
particular limiting value chosen, if only the area 
within the smooth-earth first Fresnel zone is inves- 
tigated, all paths considered here must :be classified 
as being rough at least for grazing angles greater than 
0.4°, and for frequencies in excess of 1,000 Mc. It 
should be noted, however, that there is not exact 
correspondence between Beckman’s consideration 
and that stated here. Beckman would consider a 
detailed analysis of the entire profile and the selec- 
tion of horizontal elements. This method considers 
the average deviations from what is considered to be 
the principal reflecting area. A detailed surface 
analysis is not practical for areas as large as those 
involved in this study. 

Another problem in the determination of the re- 
flection coefficient is the consideration of divergence. 
When a wave is reflected from a curved smooth sur- 
face, the power density is decreased due to the 
spreading of the reflected wave. As the angle of the 
incident wave approaches grazing over a smooth 
curved surface, divergence causes the power density 
of the reflected wave to decrease to a very-low value. 
However, if the terrain is sufficiently rough, it is 
difficult to determine the effect of divergence, since 


TaBLE 1. Transmitting and receiving system data 
Transmitter | Receiver 
en ee i reer em eer ar ve "epee aa iain aia i a aaa D: 
| Elevation Antenna Flight levels Antenna 
Site location Pe ee ene eS A 7 pA OE SETS. 3 Selanne | eal 5 ore: 
| | Power | lei | 
| Above | Above output | | Vertical | Above | Average , ai 
; Mean | average | Type | Gain ® beam | mean height over Type Gain 4, 
| sea level terrain | width sea level terrain> 
LE Lg Ee ee i eT, ATF cee) Eee Lew eee, (Men Nene Penne 
| | | | | 
ft ft | | ft jt. eae 
Pikes Peak_____- 14, 110 | 7,491 | 18 w_......| Horn-fed parabolic section.| 24 db__-- 6° | 10, 000 eH | Yagi | 6 db 
| | 7,000 . 650 
Cheyenne Mountain- --} 8, 760 2,836 | 4kw 7 Slotted waveguide fed | Sab... 6° | 15, 000 | 9, 600 Yagi | 6db 
| horn. 10,000 | 4, 600 | 
| | 7,000 | 1,600) 
Fort Carson 6, 250 35 | 18 w_---.- | Dipole-fed parabola | 3a@b....-.] e 8° 15,000 | 9,150 | Yagi 6 db 
| | 10, 000 | 4,150 | 
| | | : 
« Gains are relative to an isotropic radiator. Note: Operating Frequency: 1,046 Mc 
b Calculated near the center of the path. Polarization: Horizontal 
e Estimated. . Receiver: APR-5 aircraft 
Aircraft: B-17 
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ii would be reasonable to expect anomalies in the 
region of the radio horizon which would be more 
effective in determining the amount of reflection than 
would the general curvature of the surface at that 
point. Hence, the reflection coefficient spoken of 
here could be called the “effective reflection coeffi- 
cient” as it has not been corrected for possible 
divergence caused by reflection from the curved 
surface of the earth. 

In order to relate the results to a reflecting region 
on the ground, curves were fitted to the terrain and 
for the purposes of calculation of the grazing angles, 
the optical reflection point of the surface was as- 
sumed to lie on the curve rather than on the actual 
terrain [12]. In the case of the Pikes Peak and the 
Cheyenne Mountain paths, a single second order 
curve was drawn through the entire profile, and it 
was assumed that the curve was an approximation 
of the terrain, at least in a macroscopic sense. Since 
the terrain over the Fort Carson path did not permit 
a simple geometrical approximation, the results for 
the Fort Carson flights were related to the angle of 
elevation of the receiver above the transmitter radio 
horizon, rather than to the grazing angle. 


3.2. Characteristic Effects of Specular and Random 
Reflections 


When reflection from a smooth surface is consid- 
ered, principles of optical reflection can be applied 
and the reflection can be viewed as though it oc- 
curred at a point. Then the reflection coefficient is 
the ratio of the electric field reflected to the electric 
field incident, considered along paths where the angle 
of reflection equals the angle of incidence. This re- 
flection coefficient has both an amplitude and a 
phase, both of which are functions of the ground 
constants and the angle that the incidence ray makes 
with the tangent to the surface at the optical point 
of reflection. If it is assumed that the direct and 
ground-reflected waves arriving at the receiver left 
the transmitter with the same power density and 
traveled over paths approximately equal in length, 
the ratio of the amplitude of the reflected wave to 
the amplitude of the direct wave is equal to the 
amplitude of the reflection coefficient. Where the 
terrain is reasonably smooth, a well-defined “lobe 
structure” of field maximums and minimums is 
formed in space due to the interference between the 
direct and the ground-reflected waves. The accepted 
practice in evaluating the amplitude of a specular 
re‘lection coefficient over smooth terrain is to con- 
sider successive Maximums and minimums of the 
fi !d strengths of the received signal as a function 
o! distance and to evaluate the reflection coefficient 
frm the following expression: 


d. mn) 
oo. (1) 
d; Ex 
mh 











where: 


d,=distance traveled by the direct wave, 
d,= distance traveled by the reflected wave, 
Ey=the value of a voltage maximum, and 
E,=the value of a preceding or following voltage 
minimum. 


The well-defined maximums and minimums lend 
themselves well to the above method of analysis, as 
the reflected wave can be considered to be a single 
ray. However, where the reflecting surface is very 
rough, such a model lobe structure does not exist. A 
moving receiver would experience fading at a more 
or less haphazard rate, and the validity of the above 
treatment is questionable. Since it is desirable to 
define the reflection coefficient over rough terrain in 
a manner similar to that over smooth terrain, the 
determination of the reflection coefficient should be 
in terms of grazing angles similar to those over the 
average smooth earth. If a least-square curve is 
substituted for the terrain and optical reflection 
points are assigned by geometry, the reflection co- 
efficient can be defined as the electric field reflected 
to that incident along paths where the angle of inci- 
dence equals the angle of reflection over the average 
smooth earth. It should be remembered, however, 
that the reflected energy is not arriving via a single 
path anymore than it is in the case of specular or 
smooth-earth reflection as can be shown from a Fres- 
nel diffraction treatment [2] of smooth plane-surface 
reflection. However, with rough terrain the prob- 
lem is somewhat different since the reflected field 
becomes incoherent. Image theory is not adequate 
here, and the reflected energy, rather than being con- 
sidered to consist of an essentially single reflected ray, 
must be considered more completely as consisting of 
the vector sum of many waves reflected from an ex- 
tensive surface. The energy is diffused over a large 
region of space upon reflection and the reflected 
energy arriving at the receiver must be considered 
to be arriving from many different points on the 
reflecting surface at many different phase angles. 
The vector sum of these, if it is assumed that no one 
of the vectors is significantly large with respect to 
any of the others, would be a vector whose relative 
phase would be random and whose amplitude, &,, 
would be distributed in accordance with the Rayleigh 
distribution [15]: 


Pr (E, > Z)=exp (—Z?/k’) (2) 
where k?=F?+#3+ ...+#H?=27_,#{i=constant. 


Then over rough terrain the signal arriving at the 
receiver can be interpreted as being the sum of a 
constant vector (the direct wave) and a Rayleigh 
distributed vector (the reflected wave). Perhaps 
this may seem to be a simplification of the problem in 
that it assumes that the surface reflection is charac- 
terized by a single distribution, namely the Rayleigh 
distribution. As was previously pointed out, at 
least one author [7] considers the Rayleigh distribu- 
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tion to be the limiting case in so far as scattering in 
the principal direction (the direction in which 
specular reflection would take place if the surface 
were smooth) is concerned; i.e., it is required that 
the surface irregularities be quite large with respect 
to the wavelength. The two approaches are not 
wholly inconsistent, as it was pointed out that the 
departures of this terrain from a smooth surface are 
considerable even at small grazing angles. 


3.3. Separation of a Constant Vector and a Ray- 
leigh-Distributed Vector 


The sum of a direct wave and a wave reflected 
from a randomly rough surface will be considered to 
be composed of a constant component and a Ray- 
leigh-distributed component, and can be separated 
into these two components by a consideration of the 
slope of the cumulative distribution of the received 
signal strength over discrete intervals of distance 
along the path [15, 16]. The probability distribu- 
tion of the amplitude (r’) of the sum of a constant 
vector plus a Rayleigh distributed vector was con- 
sidered by Norton, Vogler, Mansfield, and Short [16], 
based on the expansion of a probability distribution 
derived by Rice [17] in the analysis of random noise: 


9 @o 
Pr (r" >r)= 55 { rexp [—(1-+r2)/kUIo(2r/k2)dr, (3) 


where 7’=instantaneous resultant amplitude, and 
where 


In(x) = {, exp (x cos ¢)d¢. 


In figure 1, a relationship is given between the 
fading range in decibels R(0.1)—R(0.9) and the 
level K in decibels of the energy of the reflected 
wave relative to that of the direct wave. For ex- 
ample, when the ratio of the 10 percent to 90 percent 
values of the distribution of the received field over 
a discrete distance interval was 4.9 db, the average 
energy in the reflected wave would be expected to 
be 10 db below that of the direct wave and this cor- 
responds to an effective rms amplitude of the reflec- 
tion coefficient of 0.316. From such consideration, 
it can be seen that the reflection coefficient as defined 
above is expressed by a distribution and can have 
many different values. Any expression of a par- 
ticular value must be made in terms of its statistical 
probability of occurrence. In this example 0.316, 
the rms amplitude of the reflection coefficient, is that 
value which would be exceeded by 36.8 percent of 
all the possible values that the reflection coefficient 
may have; whereas the median value of the same 
reflection coefficient would be 0.263 which would be 
the value exceeded by 50 percent of all the values 
to be expected. 

This theory, as can be seen from eq (2), assumes 
that the average energy of the reflected wave does 
not change appreciably from point to point within 
the distance intervals chosen. The distance intervals 





Limiting Ratios for Rayleigh |K -\5918 |: 


os K —*@ 


MEDIAN (Ro.5) IN DECIBELS RELATIVE 


TO CONSTANT COMPONENT OR RANGE (Ro,)-Ro.9) , db 





“40-35-30 2 86-20 -15 40 -§ 0 5 0 5 20 
K-RATIO,db OF RANDOM RAYLEIGH DISTRIBUTED 
POWER TO CONSTANT COMPONENT 


Figure 1. Median (Ro) and range (Ro.—Ro.») from the 
cumulative distribution of the resultant amplitude of a constant 
vector plus a Rayleigh-distributed vector. 


Power in random component is K db relative to the range (Fo.1—Ro.9) of the 
cumulative distribution. 


were chosen somewhat arbitrarily to compromise the 
conflicting needs for sufficiently homogeneous data 
and sufficiently small sampling error. Intervals of 
one mile were chosen except close to the radio 
horizon where three, five and even ten mile intervals 
were used. For each interval, cumulative distribu- 
tions of signal level versus distance were plotted on 
log-Rayleigh coordinates and the 10 percent and 
90 percent values were found. The value A’ was 
found from figure 1 for each value of R(0.1)—R(0.9), 
and since K=20 log k, each interval produced an 
estimate of the parameter k of a Rayleigh distribu- 
tion; that is, an estimate of the rms amplitude of the 
reflection coefficient. In the region of the radio 
horizon, as the grazing angle approaches zero, the 
spatial fading rate decreases and a quasi-lobe struc- 
ture is formed. In this region it is easy to compare 
the two methods. For each interval, two values 
were determined; the rms value of several determina- 
tions of the reflection coefficient as determined con- 
sidering successive maximums and minimums, aid 
the rms value of a Rayleigh distribution for tiie 
interval assuming ground reflection to be randoio. 
The two different methods were then compared |v 
use of the Wilcoxon signed rank test [18, p. 18%]. 
Only two of the seven flights indicated statistical y 
significant difference in the two methods. This 
comparison is mentioned not to question the validi'y 
of the approach presented here, but to point out i's 
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consistency with the conventional method in the 
interval near the horizon. It must be remembered 
that the conventional method assumes that the 
reflection coefficient does not change, at least in the 
iiterval between successive maximums and mini- 
mums. This requirement is more restrictive than 
the assumption that the average reflected energy 
does not change from period to period within the 
selected interval. Consequently, over rough terrain 
the random method seems to be a better approach. 


4. Results 


4.1. Presentation of Results 


Figures 2, 3, and 4 are illustrations, both of the 
signal received in the aircraft, and the terrain profiles 
of the paths over which the flights were made. The 
dashed lines indicate the range of maximums and 
minimums which would be expected over the smooth 
arth determined by the curve fitted to the terrain. 
The calculated smooth earth lobe structure to be 
expected along these paths is also presented. It is 
easily seen that the Fort Carson path is not one that 
can be adequately approximated by a simple curve; 
hence, no comparable calculated values are presented 
for this path. From this presentation several char- 
acteristics of received fields over rough terrain are 
evident. When both terminals were very high, the 
regular lobe structure characteristic of specular 
reflection did not exist. Nor was the extensive range 
of maximums to minimums apparent. Contrasted 
to this, the Fort Carson path with a low transmitting 
terminal exhibited both a definite lobe structure and 
a more extensive range of maximums to minimums. 
It may be well to question whether the restricted 
fading range was actually present or might perhaps 
be due to the limitations of the frequency response 
of the recording system. An investigation of the 
data and of the frequency characteristics of the 
recording system indicated that the recorded maxi- 
mums and minimums at the near end of the paths; 
i.c., at the points labeled 32 miles from the trans- 
mitter, would not differ from the actual maximums 
and minimums by more than 25 percent, this possible 
error being due to recorder response limitations. 
This possible error diminishes rapidly and from the 
points 42 miles from the transmitter to the radio 
horizon all the data appear to be well within the 
response limitations of the recording system. 

This singularity of the Fort Carson path can be 
interpreted as the presence of an extensive surface 
v iich would support specular reflection. ‘The profile 
o! the Fort Carson path does show that two distinct 
surfaces between the transmitter and a point 5 miles 
fom the transmitter are relatively flat, and the 
¢ ometry indicates that reflected energy from these 
' ions is received over all points of the flight path. 
I! wever, the geometry of the entire profile indicated 
() .t multiple reflection from as many as four general 
r ions of the surface contribute to the field experi- 
This is consistent with the appear- 


e ed ata point. 
that the specular 


a -e of the received signal; i.e., 





reflection produces lobing, while random reflection 
produces the higher frequency fluctuations super- 
imposed. Consequently, it can be seen that if one 
terminal is low, small specular reflecting surfaces can 
be effective in producing the characteristic lobing of 
specular reflection; but if the terminal is raised 
sufficiently such that the specular reflecting surface 
becomes a small part of the illuminated zone, these 
surface anomalies become less effective and specular 
reflection less apparent. Thus, it is inferred that 
reflection from rough terrain contains two compo- 
nents, a specular component and a random compo- 
nent. Where one terminal is low the specular con- 
tribution can be significant, but this contribution will 
decrease as the height of the lower terminal is 
increased. Therefore, it is interpreted that the data 
from two paths are illustrations of the sum of only 
two significant components, a constant vector and a 
Rayleigh-distributed vector, while the Fort Carson 
data, in addition, include a significant ground- 
reflected specular component. 


Since two components in the ground reflection 
over the Fort Carson path can be identified, some 
method must be used to separate them. The diffi- 
culty of terrain approximation is such that no easy 
method can be devised based on path geometry. 
However, it seems reasonable to assume that the 
long-term spatial variations of the field are due only 
to specular reflection, and that the short-term spatial 
variations are the results of random reflection. If it 
can be assumed that the short-time rate-of-change 
of the effective amplitude due to the specular com- 
ponent is negligible in comparison to that due to the 
random component, then the medians of the instan- 
taneous variations over short intervals accurately 
illustrate the relative field due to the specular com- 
ponent of the reflected waves plus the direct wave 
(fig. 5). Then the value of this specular component 
can be found using eq (1). It should be noted that 
this specular component is not necessarily a contri- 
bution from a single reflecting region, but is rather a 
summation resulting i in a wave appearing as a single 
coherent wave at the receiver. Then, in this case, 
our “constant vector’ is defined as consisting of a 
direct wave plus a coherent specular-re flected wave 
and to be slowly but uniformly changing due to the 
changing phase difference between the two coherent 
components. To compute the rms amplitude of the 
random reflection coefficient, a moving average can 
be used to eliminate the effect of the specular com- 
ponent and the analysis can then be done as outlined 
above. 

Figures 6, 7, 8, show the distributions of the esti- 
mates of the rms amplitude of the random reflection 
coefficient as a function of grazing angle for each 
flight as determined by the above method. It was 
pointed out previously that this treatment assumes 
that the average energy reflected is constant over 
the interval chosen; i i.e., k?=constant. 

The rms value of the random component was used 
only for convenience in that it was identically equal 
to k. The analysis would be approximately or 
same if mean values or median values were used, 
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Figure 3. Cheyenne Mountain to Haswell path. 


the Rayleigh distribution is completely specified 
when any one pertinent parameter is specified. For 
convenience here, the rms random component is to 
be interpreted as the rms value of the Rayleigh dis- 
tribution. Since many considerations of Rayleigh 
distributions involve median values, it may be useful 
to note that the median value is equal to 0.8326 
times the rms value. 


4.2. Interpretation of the Results as a Function of 
Grazing Angle and/or as a Function of Terminal 
Height 


It is reasonable to expect one or both of two 
ossible relationships, the first, (a) that the rms 
indom reflection coefficient is a function of the 

grazing angle, and/or the second, (b) that the rms 
random reflection coefficient is a function of the 
terminal height. 

(a) To investigate the former, each flight was 
‘onsidered individually and regression analysis was 
erformed to determine the trend. The regression 
efficients of higher than the first degree terms were 
atistically insignificant; hence, linear regression 
as used. The linear regression lines are included 
. the appropriate figures 6 through 8. Table 2, pt. 
), summarizes the statistical treatment of each 


| 


mm SF oA 





individual flight as a function of the smooth earth 
grazing angle. Four of the seven correlation co- 
efficients are statistically significant at the 5-percent 
probability level; however, two are positive and two 
are negative with no known explanation for the 
inconsistency. The significance may be unwar- 
ranted due to the fact that the observations may 
not be truly independent; whereas, the use of 
significance tests assumes independence. At any 
rate, the correlation coefficients are small, the largest 
being only 0.42, indicating, that, in the extreme, 
only 18 percent of the variations in the reflection 
coefficient can be attributed to variations in the 
grazing angle. Therefore, it is reasonable to con- 
clude that the rms random reflection coefficient was 
only slightly dependent on the grazing angles for 
grazing angles less than 5°. 

(b) The second possibility is that the rms random 
reflection coefficient was a function of terminal 
height. Since in the previous consideration it was 
found that there was little relationship between the 
grazing angle and the value of these reflection co- 
efficients, the logical approach here would be to test 
the hypothesis that there is no difference among 
the results of the different flights. This involves 
an analysis of variance and covariance. The 
process is somewhat tedious and only the results 
will be presented here. The reader is referred to 
any standard text on statistical analysis [18, ch. 7]. 
Four of the seven flights appear to come from a single 
population having a single mean and single variance. 
This appears to contradict the conclusion of signifi- 
cance for the correlation coefficients, since two of 
these flights (the flights on the Pikes Peak path) 
were found to have significant slopes. The Fort 
Carson data differ from the four flights in table 2, 
part (2), not due to the means but due to the larger 
variances. The Cheyenne Mountain, 7,000-ft flight 
results differ from the remainder, due both to the low 
value of the mean and to the excessive slope. The 
departure of the Cheyenne Mountain 7,000-ft data 
cannot be adequately explained. If, for the sake of 
convenience, this single flight is ignored the re- 
mainder of the data can be interpreted. The 
reasonable conclusion would be that with the lower 
terminal 35 ft or higher, the mean value of the rms 
random component of the reflection coefficient does 
not vary with height in the range of heights investi- 
gated, but that increased variability about the mean 
was to be expected as this height approached 35 ft 
as a lower limit. Hence, it appears that for the 
conditions of this experiment the only effect of 
change of the lower terminal height was to alter 
the degree of variability in the instantaneous value 
of the rms random component of the reflection 
coefficient about its mean value. 


4.3. Interpretation of the Results as Samples From a 
Single Population 


The absence of a substantial correlation between 
the above mentioned parameters suggests further 
consideration regarding the scatter of the observed 
results. 
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TABLE 2. Statistical parameters for the random component of the reflection coefficient 
en ~——- = — a ——— —_—_——— ——= — —__— ———— = —_— ——————————— = 
Mean random} Standard 
No. of (component of}, Standard Linear regression deviation | Correlation 
samples the effective deviation line from the | coefficient 
reflection from mean regression | 
coefficient line | 
ee - Sunes a sind ———— |---| ———_————_|—_- comer iat 
Part (1) Individual Flights: | | | 
i” SE ee ee eee Cepia ee f10,000 ft 55 0.329 0.158 | p=0.213+0.112y | 0. 145 | a(). 418 
(15,000 ft__| 75 | . 374 - 239 | p= .437—0.04ly . 238 | —. 148 
{7,000 ft 58 | . 261 .142 | p= .186+-0.148y | . 132 | a, 387 
DEIR noe ccicivirisnccccceconnnsis 510,000 ft __| 65 | - 337 | -120 | p= .307+0.039y | . 118 . 207 
15,000 ft__ 136 - 350 -140 | p= .365—0. 013y . 140 | —.077 
| 
OO pees teins f 7,000 ft | 90 | . 362 .108 | p= .413—0.020¥ | 101 | 
(10,000 ft__| 117 | . 391 -1380 | p= .441—0.034y | - 127 
| | | | | 
Part (2) Flights which indicate statistically homogeneous data: | } | 
eter anny eee eee ane ner f10,000 ft_. | 
115,000 ft. | 
7 408 | . 362 . 128 | | | 
yo ee f 7,000 | 
(10,000 ft__ | 
| 
Part (3) Total Data | | | | 
aR 8 596 | . 351 149 | | 








® Statistically significant at the 5% probability level. 
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a. Distribution of received signal showing only the long-term spatial variations 


attributed toa specular component. b. Distribution of the specular component 
of the effective reflection coefficient. 


It should be remembered that each interval was 
analyzed as if it were an independent sample which 
is probably not strictly true, and that each ‘“value”’ 
of the random reflection coefficient is an estimate of 
the rms value of a Rayleigh-distributed variate for 
that interval. Consequently, the results presented 
in figures 6, 7, and 8 are distributions of estimates 
of the rms values of a series of approximately inde- 
pendent Rayleigh distributions. It is reasonable 
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Distribution of the effective reflection coefficient. 


at this point to consider the possibility that these 
estimates of the rms value of all of these independent 
Rayleigh distributions may be normally distributed. 
This would be equivalent to saying that the form 
of the cumulative distribution would remain the 
same, but that the value of the intercept would be 
normally distributed. The method of analysis indi- 
cates a possibility that the estimates of any of three 
parameters may be approximately normally dis- 
tributed. The parameter K, where K=10 log k’, 
could indicate a log-normal relationship; the re- 
flected energy (proportional to k?) may be normally 
distributed; or the rms random reflection coefficient 
(equal to k) may be normally distributed. Kol- 
mogorov’s test, as applied by Barrows and Norton 
[19], was used to test the normality of the distribu- 
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Distribution of random component of the effective reflection coefficient based on short-term spatial variations of received signal. 


tions of these three estimates. This is not an exact 
test, but a reliable approximation. The test was 
used in both directions; i.e., (1) on each flight as a 
separate unit, and (2) on each interval of grazing 
angle utilizing the data from all flights. As a result 
of testing each flight as a separate unit, and testing 
each interval of grazing angle, the normal distribu- 
tion was found to approximate the distribution of k 
better than the distributions of k? and K. When 
the data were considered as a whole, all three param- 
eters appeared normally distributed, however, k 
again proved to be the best approximation. 

It was pointed out earlier that statistically these 
flights were not samples from the same population; 
consequently, when all of the data are considered 
as a unit, some error will be introduced. There 
are apparently three populations of data: the 
Cheyenne Mountain 7,000-ft data; the Fort Carson 
data; and the remainder which form a homogeneous 
group. The amount of error introduced by such an 
amassing should be relatively small. The low- 
correlation coefficients, even though significant, 
indicate that little error is introduced when the 
results of each flight are considered as samples of a 
distribution having a single mean. Considering the 
results of all flights as members of a single popula- 
tion requires only that it be remembered that the 
lower antennas introduce a higher variability from 
the mean value. (The departure of the Cheyenne 
Mountain 7,000-ft results is not explained.) Com- 
paring the results of considering the data as a whole, 
with only that part of the data indicated to be 





homogeneous, little difference is noted. In the former 
case, the mean is 0.35 with a standard deviation of 
0.15 for 596 observations; in the latter case, the mean 
is 0.36 with a standard deviation of 0.13 for 408 
observations. Comparison of the amassed results 
can also be made up with the inhomogeneous group; 
i. e., the Fort Carson data where the 15,000-ft 
flight shows the greatest departure. The mean of 
this flight is 0.37 and the standard deviation is 0.24, 
which illustrates the tendency for greater variability 
when one terminal is very low. 

If this conclusion is utilized in two steps, further 
evidence of a lack of significance is seen. Consider- 
ing first, that the random reflection coefficient is 
independent of terminal height, and considering 
that estimates of the rms _ reflection coefficient 
would be normally distributed within small intervals 
of the grazing angle, it is possible to reevaluate 
the random reflection coefficient as a function of 
the grazing angle. The mean and standard deviation 
was found for each interval of the grazing angle 
utilizing the estimates of k from all seven flights. 
The result of this procedure are shown in figure 9. 
The 90-percent confidence limits are only approxi- 
mate since the data are not from a truly single 
population. The point at 1.3° seems to be excessively 
high. This is due chiefly to the contributions from 
the Fort Carson data at this point, and can be in- 
terpreted as caused by possible anomalies in te 
Fort Carson path. It is in this region that te 
assumption of a single population is poor. It 
appears that the distribution of the Fort Carson 
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Ficure 9. Random component of the effective reflection coefficient 
as a function of the grazing angle for all flights. 


data may be the sum of two normal distributions 
having different means; a departure such as this 
can be caused by the addition of a small number 
of nonidentical populations. Although this is 
indicated, it is not good statistical procedure to 
dissect data unless more justifiable reasons are 
evident [20]. 

As a second consideration, the reflection coefficient 
can be assumed io be independent of the grazing 
angle, and the estimates of the rms value of the 
random reflection coefficient can be considered to 
be normally distributed for discrete terminal heights. 
Here, the mean and standard deviation, as shown in 
table 2 for each flight, can be expressed as a function 
of transmitter height. Such results would reevaluate 
the random reflection coefficient as a function of 
terminal height. Figure 10 is an illustration of such 
aconsideration. With the exception of the Cheyenne 
Mountain 7,000-ft flight indicated at a transmitter 
height of 2,836 ft and a receiver height of 1,625 ft, 
there is little difference in the value of the random 
component of the reflection coefficient. It should 
be noted that the standard deviation decreased with 
increase of terminal height. 

olmogorov’s test applied to the total data con- 
firmed the assumption of normality. Figure 11 
illustrates the cumulative distribution of the total 
daia. The mean for the total data is 0.35 and the 
stvndard deviation is 0.15 (from table 2), which 
compares well with the median value of 0.33 and a 
stvidard deviation of 0.15 (from fig. 11). 

‘he proper interpretation of these results is that 
th rms random component here stated is the rms 
vi ue of a Rayleigh distribution, and that the esti- 
m:te of this rms value is approximately normally 
disiributed having a mean value of 0.35 with a 
st: adard deviation of 0.15. If the Rayleigh dis- 
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Figure 11. Cumulative distribution of the random component 
of the effective reflection coefficient. 


Total data for all flights—596 points. 


tribution were expressed graphically on log-Rayleigh 
coordinates, the slope would remain —1, but the 
intercept at Pr (p>k)=0.368 would be approxi- 
mately normally distributed about 0.35 (fig. 12). 

No doubt the standard deviation is a function 
of the length of the sampling interval as well as 
being a function of the different populations amassed 


. 245 











' x eT T 
SS ie | | 





pa hag 68.3% OF ALL VALUES 
Wott tt] SHOULD FALL WITHIN: THE 
INDICATED LIMITS 











0.02 





RANDOM COMPONENT OF THE 
REFLECTION COEFFICIENT OVER RANDOMLY ROUGH TERRAIN 


o 
= 


0005 





0.002 








a | 
0.00! a 

Odi | 5 10 2030405060 M BOBS HM 95 98 99 995 999 9995 9999 
PERCENTAGE OF TIME THE VALUES EXCEED THE ORDINATE 





Figure 12. Distribution of random component of reflection 
coefficient for grazing angles less than 5°. 


It is expected that 68.3 percent of individual values should be found to be 
between the indicated limits with the probability expressed along the abscissa. 


in the total data. Thus it is difficult to interpret, 
1.e., it is composed of two parts; one is the variation 
of sample estimates of a population parameter, the 
rms random reflection coefficient; the other is the 
variation due to nonhomogeneous populations. No 
attempt is made here to indicate how much of this 
standard deviation is due to each source of variation. 

It should be emphasized that this value for the 
random reflection coefficient ignores any divergency 
caused by reflection from the curved surface of the 
earth. 


5. Comparison With the Results of Other 
Investigations 


Due to the inability of accurately determining 
the reflecting surface, it was not possible to evaluate 
quantitatively the relationships expressed by some 
authors in terms of the type of analysis made here. 
However, in those cases where comparison was 
possible, remarkably good agreement was found 
particularly where overland measurements were 
considered. 

Bullington’s [21] data on the New York to Denver 
path compares favorably. Assuming a Rayleigh 
distribution for Bullington’s data as suggested by 
Rice [5], we find a median value of 0.29 and an 
rms value of 0.35. The variance is roughly the 
same. Straiton [22] utilizing four different fre- 
quencies over both land and water, achieved similar 
results for the higher frequencies over land. Sim- 
ilarity is found with the results of Sherwood and 
Ginzton [23] in the case of rough terrain. Although 
& proper comparison cannot be made with the 








results published by Beard, Katz, and Spetner {24} 
it is significant that comparable conclusions cop. 
cerning the constancy of the random component 
with increasing effective roughness is also proposed 
by these authors. This constant mean value js 
quickly achieved for small values of the parameter 
expressing effective surface roughness. It should 
be noted that the results of these different investi- 
gators were found in widely separated places where 
ground constants can be assumed to differ. It 
would appear that the results are independent of 
the value of ground constants providing an overland 
path is considered. 

In most cases where paths over rough water are 
considered, the value of the reflection coefficient for 
low grazing angles appears to be much higher and 
to approach more closely the smooth earth expected 
value [7, 22, 23, 24]. 


6. Conclusion 


Thus, we arrive at the following description. The 
reflected signal received from rough terrain even at 
very small grazing angles can be considered to be 
made up of two components, one that is specular, 
and the other being Rayleigh distributed. Assum- 
ing one terminal as the reference, maintained above 
1,000 ft, the relative magnitude of the two com- 
ponents of the reflection coefficient can be viewed as 
a function of the height of the variable terminal. 
Where the variable terminal is very low, the Ray- 
leigh component may be considered to be small 
with respect to the specular component, but to 
increase in relative magnitude as the height of the 
low terminal is increased. Although in this experi- 


ment the rms random component exhibited essen- f 


tially the same mean value for varying terminal 
heights, it would be expected that the value of the 
rms random component would approach zero as the 
height of the terminal approached zero [23]. The 
variance appears to decrease as the lower terminal- 
height increases especially at very low terminal 
heights. Therefore, the variability of the random 
component would be expected to be greater with a 
low terminal, diminishing as this terminal is raised. 
The overall mean value of the random component of 
the reflection coefficient was found to be 0.35; the 
standard deviation of individual estimates of the 
rms random component obtained from distance inter- 
vals of the flight paths as outlined above, was 
found to be 0.15. 

Although horizontal polarization was used in this 
investigation, S. O. Rice [5] points out that over 
rough terrain the identical mechanism is operative 
regardless of polarization. This view seems to be 
borne out in the overland data of Straiton [22] and 
Bianco and Morris [25], both of whom notice no 
polarization effect if the terrain is sufficiently rough. 
Thus, it is reasonable to assume that similar results 
would have been obtained along these paths if 
vertical polarization had also been investigated. 

The results presented here viewed in comparison 
with the reports of others suggest further considera- 
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tion of the problem of rough terrain reflection. It 
appears that there are many variables present which 
are not wholly understood. At present, it would 
appear that, over a spherical earth, if the terrain is 
sulliciently rough and sufficiently extensive, the 
value of the random reflection coefficient might be 


essentially independent of frequency, grazing angle, ° 


polarization, and ground constant; having a mean 
value of approximately 0.3. 

The variability of the instantaneous value is rather 
large and is more pronounced for low terminals. 
Specular reflection can be expected over rough ter- 
rain particularly if the terminals are low. There 
appears to be a difference between sea and land 
reflection in so far as rough terrain reflection is con- 
cerned, but at present it is not possible to determine 
whether this is due to marked difference in ground 
constants or to the degree of effective roughness. 

It should be obvious that some liberty was taken 
with mathematical exactitude in the analysis of the 
data. This investigation points out what relation- 
ships appear to be present, but it should be apparent 
that additional study is required. Although it might 
appear that considerable data were present for this 
study, it is evident that a full investigation of this 
particular phenomenon will require considerably 
more than was available for this presentation. Such 
studies could lead to a possible macroscale factor for 
specifying rough terrain as a function both of fre- 
quency and antenna height. 


7. Addendum, An Estimate of the Relation- 
ship Between the Fading Range and 
Terminal Heights 


Since it is apparent that specular reflection was 
more effective than random reflection in providing 
large spatial fading ranges, it would be advantageous 
to determine a criterion for elimination of the specular 
component. Since it seems that low terminals pro- 
duce a specular component even over rough terrain 
whereas high terminals produce only random reflec- 
tion, an investigation of the relationship between 
terminal height and the prevalence of the specular 
component would be desirable. It is felt that the 
present data are not sufficiently complete to provide 
more than an indication. The spatial fading range 
for the Fort Carson data is interpreted to be 16.5 db 
on the average. Since there has not been assumed 
geometrical relationship for the shape of the terrain, 
even the specular component is not corrected for 
divergence and the values expressed are effective 
‘alnes at these points. Regression analysis indicates 
that there was no significant correlation between the 
ue of the effective specular reflection coefficient 

the grazing angle. Hence, in computing the 
sputial fading range, the mean value of the specular 
couponent for the entire range (0.51) was used. 
‘average maximum and minimum values of the 
1 of a direct wave and specularly-reflected wave 
W ose coefficient is 0.51 were determined. Com- 
b: ation of these values with a random component 


hs ing a proper rms value as expressed in table 2 


=< 


=< 


mM 3 





vielded fading ranges of 16 and 17 db. (The spatial 
fading range as previously defined is the ratio of the 
fields exceeded 10% and 90% of short intervals of 
distance along the path.) Assuming that the higher 


, terminals produce only random reflection with reflec- 


tion coefficients as expressed in table 2, spatial 
fading ranges of less than 7 db were encountered. 
Figure 13 is a preliminary estimate of the relationship 
between the spatial fading range and the height of 
the lower of two terminals (maintaining the other 
terminal above 1,000 ft) for grazing angles less than 
5°. The unlabeled point is the average value of the 
spatial fading range for the 7,000-ft flights. It 
would appear that the minimum spatial fading 
range to be expected under optimum conditions 
would be in excess of 5 db. If a fading range of 6 db 
could be tolerated, then the minimum lower antenna 
height would be 600 ft, whereas 270 ft would be 
sufficient for a 7-db fading range. Of course, these 
relationships are based on the validity of the as- 
sumption of the shape of the curve of figure 13. 
Many other curves including a straight line could 
be assumed with equal mathematical justification. 
The authors present this estimate as a reasonable 
approximation consistent with the data considered. 
Additional investigation is necessary before such 
an estimate could be accepted as typical of rough 
terrain phenomenon. 
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Ficure 13. Estimate of the fading range as a function of ter- 
minal height over randomly rough terrain at 1,046 Me for 
grazing angles less than 5°. 
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Synoptic Study of the Vertical Distribution of the 
Radio Refractive Index' 
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An analysis of the vertical structure of an intense outbreak of continental polar air is 


presented in terms of the radio refractive index of the atmosphere. 
time is a reduced index analogous to potential temperature. 
shows the refractive index structure than the classical methods used heretofore. 


clearly 


Employed for the first 
The reduced value more 


This new unit is a measure of both atmospheric density and humidity and shows, on a single 
cross section, the airmass structure and the dynamic mixing of air around the frontal interface. 


1. Introduction 


The problem of determining the vertical and hori- 
zontal distribution of the index of refraction of the 
troposphere for radiofrequencies has engaged the 
attention of radio meteorologists for the past decade 
[1, 2, 3, 4]*. Such information is vital to procedures 
and techniques for forecasting the occurrence of radio 
refractive-index profiles. The surface value and the 
gradient of the refractive index are important factors 
in the prediction of monthly median values of field 
strength over communication links utilizing frequen- 
cies from 50 to 50,000 Me [5, 6, 7]. 

For convenience, the refractive index is given in 
terms of its scaled up value, N, commonly called the 


| refractivity: 


=(n—1) 10°. 


N may be determined [8] from standard weather 


observations by 
dee eR al 


n=index of refraction of the atmosphere, 
7T=temperature in degrees Kelvin, 
P=station pressure in millibars, 
é,=saturation vapor pressure, and 
RH=relative humidity, in percent. 


77.6 


N=(n—1)10°=- 


where 





2. Background 


worldwide survey of N climatology [9] indicates 
ths! the refractive index varies widely over the sur- 


fa: of the earth. If we take the modern view that 
cli iatology is a synthesis of synoptic events then 


Ww: may conclude that the frequency of occurrence of 





al’ ass types and frontal passages play an important 
: iis Ww pi was supported in part by Task 31 of the Navy Weather Research 
Fac ty, Naval Air Station, Norfolk, Va. 


ures in brackets indicate the literature references at the end of th jspaper. 


role in determining the refractive-index climate at 
any location. 

Recent studies have shown that the N profile at 
a given location varies with synoptic pattern [10] 
and that, if one reduces N to sea level, the refractive 
index is a sensitive indicator of large-scale weather 
systems [11] when considered on a daily weather map 
basis. The present study extends the work of refer- 
ence [11] by considering if the air mass properties 
associated with a typical wintertime outbreak of 
polar air are reflected in the refractive-index struc- 
ture. A storm sequence with strong contrasts of 
airmass properties was chosen for study under the 
premise that if the refractive index failed to indicate 
the differences in airmass properties in this case then 
there is little hope of its being effective in situations 
with less marked temperature and humidity con- 
trasts. 

Before proceeding one might inquire if the partic- 
ular case chosen for study was a representative one 








or not. As a guide in this regard, idealized models 
| (figs. 1 and 2) of cold and warm fronts were con- 
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Figure 1. An idealized cold front with associated temperature 
and humility patterns. 
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Ficure 2. An idealized warm front with associated temperature 
and humidity patterns. 


structed from generally accepted concepts of the 
polar front [12,13,14]. From these models, idealized 
N fields were constructed. This idealized N struc- 
ture (figs. 3 and 4) is in agreement with that derived 
from a classic storm reported by Byers [13]. The 
most prominent feature of this idealized situation is 
the laminar structure of the N field reflecting a 
uniform decrease of N with height so pronounced 
that it masks the airmass contrasts about the front 
which are the main concern of this study. In the 
sections that follow we shall be concerned with the 
removal of the normal N decrease with height in 
order to more clearly see the N changes associated 
with the storm under study. 


3. Height Dependence of N 


It has long been recognized that the pressure term 
in N results in a steady decrease of N with increasing 
height. Early attempts to compensate for this N 
decrease used the constant gradient of the effective 
—" radius theory, 1/4a, where ais the radius of the 
earth. 
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Figure 3. The N field of an idealized cold front. 


As an illustration, the strong elevated layer 
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Figure 4. The N field of an idealized warm front. 


found during the summer in Southern California was 


studied in terms of a linearly corrected expression, 
B, given by 


B=N(h)+39.2h 


where N(h) is the value of N at any height, h, in 
kilometers [15]. Recent studies of the average V 
structure of the atmosphere show that N tends to be 
an exponential function of height rather than the 
linear function assumed by the effective earth’s 
radius theory, with the result that the B unit 
approach overcorrects when fh is greater than about 
1 km. This is illustrated by figures 5 and 6 where 


the N data of figures 3 and 4 are replotted in termsp 
Note that this over correction produces} 
an N field that tends to increase with height fromf 
If, however, one} 


of B units. 


310 at the surface to 360 at 5 km. 
presents these data in terms of an exponential 
function, A, of the form 
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Fieure 5. The refractive index structure in B units fo° on 
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OTT | evidenced by the “dome” of high A values just before 
the front. Stratification in the cold air due to 
LEGEND | subsidence-inversion effects, although impossible to 
| 
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| WARM FRONT . 7 . 
| —_ua detect in the N charts, is clearly seen by the use of 
- oa the A charts. 


‘| A units were used in all subsequent analysis*in 
order to throw the frontal discontinuities and airmass 
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‘10N, 
A=WN(h)+313[1—exp{ —0.144h}], ‘ 
as in figures 7 and 8, then it is seen that the range of ; 
, inf N values is now reduced to about 25 N units. The 
1?) 














» NE exponential decay coefficient of 0.144 was determined 6100 200 ~~ 300406500600 700 800 $00 
o bef to correspond with the average station value of N, ee 

thef 313 for the United States [16]. It is significant, Fiaure 8. The refractive index pattern in A units for an 
ths} however, that the use of A units produces a pattern ideatised warm front. 











inith similar to the airmass differences associated with —— oe 
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vere} (fig. 8), that the A values increase with height until soraen ae Se eens 
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OKLA. CITY, OKLA’ 
(5002 19 FEB 1952 


rom} region of maximum precipitation 400 to 500 km in 
one advance of the front is shown as an area of high 
tial f surface N. In the cold-front case (fig. 7) the classic 
push of warm air aloft by the encroaching cold air is 
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was prepared for rapid conversion from N units to SPACE CROSS SECTION IN A-UNITS 1500Z, FEBRUARY 18,1952 _ 
A units. This simplification eliminates the necess ty 
of using exponential tables for each individual al- 


culation of A and thus lends considerable ease to the 25 
preparation of charts of the new parameter. 
xp 
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Storm of February 18 to 21, 1952 


A large-scale outbreak of polar continental air 
which took place over the United States between the a 
18th and 2ist of February 1952, was analyzed in EF FE Ez 

“ “ 9 . EWE FF fe (FF = 
terms of A units. Charts showing the structure of = vecew i 
this outbreak of polar continental air have been ‘s i or — 
prepared from the radiosonde measurements from L 
cideidind 
0 
| 


ALTITUDE , km 


Ss 





stations located along a line normal to the front 
running from Glasgow, Mont. to Lake Charles, La. 
(fig. 10). The height distributions of unit con- 
tours along this cross-section line were obtained at 
12-hr intervals during the 4-day period. Examples 
are given (figs. 11 to 13) to represent the early, 
mature, and lat e stages of the outbreak. At the out- SPACE CROSS SECTION IN A-UNITS I500Z , FEBRUARY 19,1952 
set of the period of observation, the A unit gradient TCLS SSS A a SLSR ane pee 7 
was quite flat around the polar front. By 1500 Z \ of 
on the 18th of February (fig. 11) the polar front was sol 
located midway between Glasgow and Dodge City. thi 
The contrast of the southward push of polar air and | 
the northerly advection of tropical maritime air from 
the Gulf of Mexico into the developing warm sector 
of the polar-front wave is evidenced by the relatively 
large gradients in the neighborhood of Dodge City. 
The core of tropical maritime air has evidently not 
progressed far enough northward to displace the 
warm but dry air that had been over the great plains 
prior to the outbreak with the result that a region 
of low A values is found between the front and the 
tropical maritime air. Twenty-four hours later 
(fig. 12) the core of tropical maritime air has become 
more extensive and now reaches to 3 km. A second tar 
cold front was reported on the daily weather map res 
and the area of low A values is now confined between Figure 12. Mature stage of the storm sequence. po 
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Figure 11. Early stage of the storm sequence. 
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Figure 10. Location chart of the stations furnishing radiosonde data for this 
: study. 
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Figure 13. Late stage of the storm sequence. 


it and the main cold front. Finally, by the morning 
of February 20 (fig. 13), the front has passed to the 
south of Lake Charles and the polar air just behind 
the front is characterized by relatively low A values. 

The use of space cross sections does not always 
vield measurements at the most desirable points 
along a frontal zone. Another method of arriving 
at the probable refractive-index structure about the 
frontal interface is to present each successive radio- 
sonde observation at a single location in terms of 
the distance between the front and the station. 
Thus, as the frontal systera advances and passes over 
the station, one obtains a different perspective of the 
space cross section. This presentation is referred to as 
an epoch chart since the observations are normalized 
with respect to the frontal passage. Such a presen- 
tation is given on figures 14 and 15. Figure 14 rep- 
resents a typical continental station located in the 
polar continental air throughout the occurrence of 
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Figure 15. The A unit pattern for Oklahoma City, Okla., 
expressed as a function of the distance from the front. 


the storm. The essential feature here is the absence 
of detail of A structure due to the presence of a uni- 
form airmass over this station. Compare this with 
the epoch chart for Oklahoma City (fig. 15) where the 
structure of the idealized model is clearly reflected 
by the prefrontal A unit high, strong gradient across 
the frontal zone, and the A unit low behind the front. 
This rather fortuitous agreement is felt to be due to 
the strategic location of Oklahoma City with respect 
to the motion of the contrasting airmasses about the 
polar front. That is, this epoch chart represents a 
point of confluence of virtually unmodified polar 
continental and tropical maritime air. 


5. Conclusions 


The major conclusion of the present study is that 
an exponential correction to the refractive-index 
height distribution allows airmass properties to be 
more clearly seen than is allowed by previous tech- 
niques. 

By the use of this exponential correction one may 
construct an idealized refractive-index field about a 
frontal transition zone that clearly shows the tem- 
perature and humidity contrasts of the different 
airmasses. 

Further, when this technique is applied to the 
analysis of an actual storm, it does indeed highlight 
airmass differences. 
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source function in a nonequilibrium atmosphere: 
ill. The influence of a chromosphere, J. T. Jefferies 
and R. N. Thomas, Astrophys. J. 129, 401 (March 
1959). 

\fethods previously developed by the authors (Astrophys. J. 
125, 260 (1957) and 127, 667 (1958)) are applied to investigate 
the depth dependence of the source function for resonance 
lines in an atmosphere having a chromospheric distribution of 
7 superposed upon a photospheric one. The derived be- 
havior of S;(r) for the neutral and ionized metals differs and 
mimics the observed behavior of such lines. The hydrogen 
Balmer lines should behave like the neutral metals, and the 
predicted behavior agrees with earlier empirical results ob- 
tained by the authors. 


Transmission of power in radio propagation, J. R. 
Wait, Electronic Radio Engr. 36, 146 (April 1959). 


The theoretical foundations of the transmission-loss concept 
are discussed. It is emphasized that the influence of the 
ground on the input resistances of the transmitting and 
receiving aerials must be accounted for. The concept of 
“propagation loss” is introduced and its usefulness is pointed 
out. 

Electromagnetic radiation from cylindrical struc- 
tures, J. R. Wait (Pergamon Press Inc., New York, 
N. Y. 1959). 

A comprehensive and self-contained account of the theory of 
electromagnetic sources on and near cylindrical surfaces is 
presented. While none of the forms considered duplicates 





the shape of actual bodies such as aircraft and missiles, the 
derived results do provide considerable insight into the 
behavior of flush-mounted and stub-type microwave antennas 
in actual systems. In each section, the salient features of the 
analytical results are presented in graphical form. An 
exhaustive and up-to-date review of the relevant literature in 
the field is given. This part of the work was sponsored by 
Commission VI of the International Scientific Radio Union. 
The contents include: Axial dipole within a corner reflector 
and slots on wedges, The fields of axial dipoles in the presence 
of a circular conducting cylinder, Slots on a cylindrically- 
tipped wedge, Transverse half-wave slots on isolated cylinders, 
Conductance of axial slots on infinite cylinders and wedges, 
Residue series representation for the fields of an axial slot, 
Fields of the axially slotted cylinder in terms of Fock func- 
tions, Residue series representation for circumferential slots 
on cylinders, Fields of current distributions in wedge regions, 
Radial electric dipoles in cylindrical wedge regions, Field of a 
slot on an elliptic cylinder, and Calculated radiation charac- 
teristics of slots in metal sheets. 


Theoretical multiplet strengths, F. Rohrlich, Astro- 
phys. J. 129, 441 (March 1959). 


General formulas are derived for all multiplet strengths of 
astrophysical interest, covering all transitions of the types 
In [Tel [ned de 2, Il, and ll’’.U/-1".U2. 
The expressions are given in terms of the fractional parentage 
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Journal of Research of the National Bureau of Standards—D. Radio Propagation 
Vol. 63D, No. 3, November—December 1959 


Radio-Refractive-Index Climate Near the Ground 
B. R. Bean and J. D. Horn 


(February 6, 1959) 


The radio refractive index of air is a function of atmospheric pressure, temperature, 


and humidity and is found to vary in a systematic fashion with climate. 


It was found 


that the surface value of the refractive index may be estimated four to five times more 
accurately from charts of reduced-to-sea-level values than from similar sized charts of 


surface index. 


Worldwide maps of 5-year means of this reduced value are presented for 


the months of February and August, for the minimum monthly mean value of the year 


and for the range of monthly mean values. 
Applications of these data to the prediction of radio field strengths indicate 


also considered. 


Year-to-year variation of monthly means is 


a possible 30-decibel difference in median level of identically equipped tropospheric com- 


munications systems due to climate alone. 


1. Introduction 


The radio refractive index of air, n, is a function 
of atmospheric pressure, temperature and humidity, 
thus combining in one parameter, three of the normal 
meteorological elements used to specify climate. In 
the following sections we will examine the variability 
of n during different seasons of the year and in 
differing climatic regions. The systematic depend- 
ence of n upon station elevation will make it neces- 
sary to consider a method of expressing » in terms 
of an equivalent sea-level value in order to see more 
clearly the actual climatic differences of the various 
parts of the world. After a consideration of the n 
climate of the world, the application of this informa- 
tion to such practical problems as the prediction of 
vadio field strength and the refraction of radio waves 
will be discussed. 


2. Preseniation of Basic Data 


Near the surface of the earth, for vhf and uhf 
frequencies, n is a number of the order of 1.0003. 
Since, for air, n never exceeds unity by more than 
a few parts in 1074, it is convenient to consider the 
climatic variation of n in terms of 

" _ 
N=(n—110°= 8 (P+ SA), (1) 


where P is the total atmospheric station pressure in 
millibars (mb), RH is the relative humidity in per- 
cont, and e, the saturation vapor pressure in mb at 
the temperature, 7, in deg Kelvin. The values of the 
constants in (1) were determined [1]! from a con- 
sideration of recent microwave and optical determi- 
nations of the refractive index of air and are con- 
si lered to be accurate to 0.5 percent in N for frequen- 


Figures in brackets indicate the literature references at the end of this paper. 





cies up to 30,000 Me in the ranges of temperature, 
pressure and humidity normally encountered. The 
notation N,; is used to indicate that (1) has been 
evaluated from standard surface weather observa- 
tions. 

To cbtain long-term average values of N one 
should properly average individual observations 
over many years. This is difficult to do since, in 
general, only summaries of weather observations are 
readily available. However, long-term average 
values of temperature, pressure and humidity are 
available and may be converted into an “average” 
value of N. This “average” N differs from the true 
average since the intercorrelation of pressure, tem- 
perature, and humidity is neglected. This difference 
was examined by an analysis of 2 yr of weather records 
of the months of February and August at an arctic 
location (Fairbanks, Alaska), a temperate zone loca- 
tion (Washington, D.C.), and a tropical location 
(Swan Island, W.I.). These data, given in table 1, 
indicate that the difference between the two methods 
was never more than 1.5 N units and the average 
difference was less than 1 N unit which is small 
compared to commonly observed seasonal and 
geographic variations of 20 to 100 N units. 


TaBLe 1. Two-year average value of N. versus the value of N; 
calculated from average temperature, pressure, and humidity 
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Ns N.(F,T,RH) | N.—N,(P,T,RH) 

Fairbanks: 

February-.-.--- ie ve 314.0 313.0 1.0 

August. -_-..-.- ere 320.5 320. 0 0.5 
Washington: 

February --- : 305. 5 304. 5 1.0 

August. aes 356. 0 354. 5 1.5 
Swan Island: 

February--- re mee 362.0 362. 5 0.5 

August ea ean 387.5 388. 0 5 
BV OTRO. ane incense dncccsnsnscnecsscecsdscsecsswsenencessses 0. 83 
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On this basis it was decided to use the long term 
means given in the United Nations’ monthly publi- 
cation, Climatic Data for the World. This publica- 
tion is particularly advantageous for our present 
study since it reports the fictitious value of the 
relative humidity needed to obtain the actual 
average vapor pressure from the saturated vapor 
pressure of the reported mean temperature [2]. 

Data from 306 weather stations were obtained in 
order to give reasonable geographical coverage. In 
general, 5 yr of record were obtained for each station 
from the period 1949 to 1958, preference being 
given to the years 1954 through 1958. <A noticeable 
exception, however, was Russia for which only 1 yr 
of data (IGY) is reported in Climatic Data for the 
World and thus all charts are drawn with dashed 
contours for Russia. There are vast expanses of 
ocean for which there are no meteorological observ- 
ing stations. Climatic atlases were utilized in order 
to present estimates of world climate in these locales. 
A reasonable coverage of the sparse data areas of 
the world was made by estimating temperature from 
sea surface isotherms [3] and humidity from charts 
of seasonal average depression of the wet bulb tem- 
perature [4]. Pressure was estimated for these 
locations from average winter and summer pressure 
charts. 

When these data were converted to N [5] and 
charts prepared, a pronounced altitude dependence 
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could be seen as in figure 1. Figure 1 plus the 
following charts of N variations across the Uniied 
States are from an extensive N climatology now 
being prepared at the Central Radio Propagation 
Laboratory. Althougn the present study is pri- 
marily aimed toward worldwide variations, it is felt 
that the U.S. data better illustrate the height 
dependence of N, and the subsequent reduction proc- 
ess employed. It is noted that the coastal areas 
display high values of N, while the inland areas have 
lower values. There are low values of N, corre- 
sponding to the Appalachian and Adirondack 
Mountains, a decrease with increasing elevation of 
the Great Plains until the lowest values are observed 
in the Rocky Mountain region and the high plateau 
area of Nevada. A _ corresponding gradient is 
observed from the West Coast eastward. Cross- 
hatching encloses areas where the terrain changes 
so rapidly that it was felt the data were inadequate 
to obtain realistic contours of N,. 

The altitude dependence of N can be studied in 
terms of the “dry” and “wet”? components of N. 
The dry term, D, 





is proportional to air density and normally consti- 
tutes at least 60 percent of N. 
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FIGurRE 1. 


Mean N,, August 0200 local time. 


260 


in 
hei 
ver 


By 


of 
dry 


¥ gen 
red 


whe 
this 
tha 
N; 

cou 


i dep 


Ons Ps SDE ER II eee ORR Se 





RT D2 SEIN an 


ALPES. 


'S ERGO 


Ditiiethdiieesasinucioumicetenne 


fro1 


All 


log 


)} mar 


plot 
may 


the 
ted 
LOW 
‘ion 
pri- 
felt 
oht 
rOC- 
"eas 
ave 
rre- 
ack 
. of 
ved 


eau 
OSS- 


izes 
late 


sti- 


| general use. 
» reduced to a sea-level value, Do, by the relationship 


——s 


) where h is in kilometers. 


Sc 


psc 


ss cumini 


ar 


bi 


RTI, So 


A sen ss aie ad 





OTS St 


OT TET Tyas 1 Reg " ~ eae 
pENrEtres SR ERNE N SBOE ERT 


_ All the cases examined displayed low correlations of 


| plotted alone as on figure 3. 
| may be obtained easily for all sections of the country. 


One would expect, from the hydrostatic equation 
in |6], that D would be an exponential function of 
height. Examination of D at the earth’s surface 
versus station elevation shows this to be in fact true. 
By assuming an exponential decay between the 
value of N at sea level and 8 km the height coefficient . 
of —0.1057/km was determined from the NACA 
dry standard atmosphere [7] and was adopted for 
Thus, the station value, D,, may be 


(3) 


Values of Dy obtained in 
this fashion as shown on figure 2 present a gradient 
that is remarkably free of detail compared to the 
N, chart and is easily drawn for all areas of the 
country. 

A similar investigation was made of the height 
dependence of the surface ‘‘wet”’ term, W,, evaluated 
from 


Do=D, exp {0.1057 h}, 


3.73 10°, RH. 


a 





(4) 


log W, and height, indicating that W, is not a 
marked exponential function of height. Thus W, is 
Again, contours of W, 





MEAN Do 
AUG. 0200 \. 





At this point in the reduction process there ae two 
maps, one of Do and one of W;. A further simplifi- 
cation is accomplished by introducing the approxi- 
mation of reducing N, by the dry term height 
correction to obtain a single reduced value, No; 


(5) 


Figure 4 gives the Ny contours for the same time as 
the previous maps of Dy and W,. The No maps are 
no more difficult to prepare than the W, maps and 
have effectively removed the station height depend- 
ence of N;. One might wonder at the advisability of 
arbitrarily reducing the wet term by the dry term 
correction. For the coastal areas of the country, 
where the exponential height correction factor is 
nearly one, this amounts simply to adding the Dy and 
W, maps while for the mountain areas, where the 
height correction factor is large, the W, values are 
small with the result that the gradient of the N 
isopleths obtained from the D, and W, maps is essen- 
tially maintained on the No maps. As an example, 
for the series of maps under discussion, the (o+ W;) 
difference between Reno, Nev. (1,340-m elevation) 
and Oakland, Calif. (5.5-m elevation) is 21 N units, 
while the N, difference is 19 N units. 

The effects of this correction on the worldwide 
values can be seen from figure 5 where N, is plotted 
versus station elevation in km. A sample line illus- 


No=(D,+ Ws) exp {0.1057 h}- 








FIGURE 2, 


Mean D,, August 0200 local time. 
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trates the decay of N, with height for Ny=348. The 
value of N, for any other value of Ny would be 
obtained from a line parallel to the No=348 line but 
having a zero intercept equal to the new value of No. 
The advantage of adopting No is illustrated by the 


AIATY 


units for No, thus diminishing the number of contours 

p of the resulting maps. 
> It would appear that by removing the influence of 
station elevation it would be more efficient to esti- 
mate N, from No charts rather than from charts of 
N,. As a test of this hypothesis N, and No contour 
charts were prepared for both summer and winter 
from only 42 of the 62 U.S. Weather Bureau stations 
} for which 8-yr means of N, are available. The re- 
maining 20 stations, distributed at random about the 
country, were used as a test sample by estimating 
their 8-yr mean value of N, from the No and N, 
}contours. Summertime examples of these charts are 
cn by figures 6 and 7. Note that due to the re- 


tae 


dae ‘ed range of N, the No charts are drawn every 5 N 


unils as compared to the 10-N-unit contours of the 
».\ charts. The individual deviations of the values 
ol) .ined from the contour maps with the actual 8-yr 
mins are listed in table 2. By comparing the root 
min square (rms) deviations of 10.7 N units in 
wii ter and 13.0 N units in summer obtained by esti- 
#m ‘ing N, from the N, contours with the 2.7-N-unit 
rn. of estimating N, from No contours, one concludes 


= 


* zontal distance. 


reduction in range from 190 N units for N, to 115 N 





that it is at least 4 times more accurate to estimate 
N, from No contours than from those of N,. An 
inspection of the individual deviations in table 2 indi- 
cates that the Ng contour method is particularly 
efficient at elevations in excess of 1,200 m or where 
the terrain is changing rapidly with respect to hori- 
As a further practical consequence 
one notes the remarkable similarity between the No 
contours of figures 4 and 7, even though the latter 
contours were derived from only two- thirds of the 
original data. This indicates that any desired level 
of accuracy may be maintained with fewer stations 
(and less expense) by the use of No. 


TABLE 2.— Deviations of estimated 8-yr means of N. (calculated 
from contour charts) from actual 8-yr means for 20 randomly 


distributed U.S. Weather Bureau stations 





\ February 1400 August 0200 
| 
| | 

















Test station Height | oy Deviation ® | Actual} Deviation 
ea Ce 
mean mean 
value | Ns No | value | N; No 
of N map | map | of Nz | map | map 
— ———— _ - SS —— a —_ —_ — 
Meters Nunite| Nunits Nunits| N units |Nunits| Nunits 
Sacramento, Calif... - 7| 315.6 7.6 0.8 | 329.6 1.0 —1.8 
Portland, Oreg-------- 8 316. 2 | 4.2 | —.5 | 337.7 19.7 6.0 
San Diego, Calif. ._--- 11 314.2 | —5.8 |} —2.4| 348.1 16.1 3.5 
Mobile, Ala......---.- 66 | 326.6] 6.6 4.8 | 376.0 6.0 0.6 
Fresno, Calif..-.--- 86} 3106) 96) 3.4 | 326.2} 5.2 4.2 
| | 
Boston, Mass. 89 | 308.6 | —6.4 | —0.5 | 347.5] -7.5| —0.4 
Grand Rapids, “Mich___ 210 | 304.4; 0.4] —5.9| 340.5) —1.5 sa 
Columbia, Mo-. : 239 | 300.8] —.2} 24] 348.7] —-23]) —25 
Minneapolis, Minn___- 255 | 301.1 | .1}] 0.6] 338.5] -0.5 2.7 
Cincinnati, Ohio-._---- 271 | 302.5 | —.5 | .7| 344.1} —2.9 —2.8 
Des Moines, Iowa. ---- 294 300.9 3.9] 2.3] 343.1] —1.9 —0.1 
Pendleton, Oreg-.---- 455 | 295.9 1.9 0.4 300. 9 2.9 —3.1 
Billings, Mont-.--------| 1,088 | 269.3 | —2.3 | .1| 285.6 5.6 | 1.2 
pure, Orer......----- 1, 262 268.1 |—23.9 | —3.2 | 271.3 |—-15.7 | —4.4 
Salt Lake City, Utah._} 1,288) 266.3) 1.3] —0.8 | 279.5 8.5 4.4 
| | | 
Reno, Nev..------ 1,340 | 259.6 |—20.4 | —6.8 | 6 —29.4 1.6 
Poe: atello, Idaho-- + 355 | 264.7 —2.3 0.4 | —3.3 0.0 
Denver, Colo_. 1, 625 | 244.9 | —8.1 | rj —1.4 .3 
Colors ado Springs, Colo. 1,882 | 237.1 |—15.9 —.6 —6.6 11 
Flagstaff, Ariz- 2,131 | 237.8 |—26.2| 2.3 261.4 —36.6 | —2.2 
Root mean squé ire de- | | | 
viation........ | Se ebepere | 1e, 27 =e 13.0 27 





@ Deviation equals the actual long-term mean minus the value obtained from 
map contours. 


3. Worldwide Values of N, 


Mean values of No were calculated at each of the 
306 selected stations and charts were prepared for 
each month of the year. The charts for February 
and August are given on figures 8 and 9. It is seen 
that the values of No for sea-level stations vary from 
390 in the maritime tropical areas to 290 in the deserts 
and high plateaus. The interior of continents and 
mountain chains in middle latitudes are reflected by 
low values as compared to those of coastal areas. 
Further, such pronounced climatic details as the 
Indian monsoon and the effects of coastal mountain 
ranges blocking prevailing winds and producing rain 
shadows are indicated by these Ny contours. 

The annual variation of N, is indicated on figure 
10 by contours of the difference between the maxi- 
mum and minimum monthly means_ observed 
throughout the year. It is quite remarkable how 
clearly climatic differences are evidenced by the 
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iGURE 6. Test chart of mean N, August 0200 local time. 
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Figure 7. Test chart of mean N, August 0200 local time. 
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FIaGure 9. 


Worldwide values of mean N, for August. 
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FicureE 10. 


yearly range of N,. The prevailing transport of 
moist maritime air inland over the west coasts of 
North America and Europe is indicated by relatively 
small annual ranges (20 to 30 N units), while, for 
example, the east coast of the United States with a 
range of 40 to 50 N units or more reflects the invasion 
of that area from time to time by such diverse air- 
masses as arctic continental and tropical maritime. 
The largest annual ranges of N, (90 N units) are 
observed in the Sudan of Africa and in connection 
with the Indian monsoon. 

An additional Np map (fig. 11) was prepared from 
the minimum monthly mean value of N, observed 
throughout the year to supplement the range map 
in order that an estimation might be made of both 
the minimum and maximum monthly mean N, 
expected during the year. 

A measure of the variability of the February and 
August mean values of N, is given by monthly range 
maps (fig. 12 and 13) determined from monthly 
averages from 5 yr of data. Ranges are given by 
the maximum difference of the five individual 
monthly mean values. In contouring the two vari- 
ability maps only those terrestrial regions having 
reasonable data coverage are included. Dashed 
contours are shown for areas of sparse or unreliable 
data. The general picture of the worldwide distri- 
bution of N, variability is that of a number of con- 
tinentally located cells of moderate range accompanied 
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Annual range of monthly mean N,. 





120 40 


by somewhat random small-scale variations over 
ocean areas. Regions of large range, from 40 to as 
much as 70 N units, are present, however, in Australia 
and on islands of the adjoining oceans, on the African 
equatorial plateau near the Cameroons and in the 
Great Basin of the southwestern United States. 
Common to all these areas of large year-to-year 
variability, at least during the summer season, are 
high mean temperatures ranging from about 25° to F 
30° C, the variability being due to relatively small 
variations of humidity. It is felt that when a more f 
dense network of stations is available for a longer 
period of record, say 10 yr, areas of high monthly 
variability are likely to be more extensive in tropical 
and desert areas than indicated on our present maps. 


4. Climatic Classification by N, 


The annual cycle of N, at each station was exain- 
ined for the purpose of deriving similarities of cli- 
matic pattern. As one form of climatic classificatica, 
the annual mean value of N, at each station was Ff 
plotted versus the annual range at the station. | 
When this was done, several distinct groupings of F 
data seemed evident. These groupings, described in 
table 3, are intended to give a general idea of the P 
geographic and climatic character of the majority f 
of the stations found within given values of range | 
and yearly mean of N,. I 
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FicureE 11. Minimum monthly mean value of N,. 
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Year-to-year range of monthly mean N, for February. 
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TABLE 3. 





| 


Type Location 





I Midlatitude-coastal__......-- 
| belts between 20° and 50°. 

II Subtropical-Savanna.-..---- Lowland stations between 30° N 
| from the ocean. 


III Monsoon-Sudan-_-.-.-....-.-- | Monsoon—generally between 20° and 40° N lat., 


across central Africa from 10° to 20° N lat. 
IV Semiarid-mountain_.---..-.. 
regions above 3,000 ft. 


V__‘ Continental-Polar__..._.-_-- | In middle latitudes and polar regions. 


climates are included because of the low range resulting | 


| from characteristic dry summers.) 


VI_ Isothermal-equatorial__._---- | Tropical stations at low elevations between 20° N and 20° S 
Pp ; 
| lat., almost exclusively along seacoasts or on islands. | | 


20 W 0 E 20 40 60 80 100 120 40 





Characteristics 


Near the sea or in lowlands on lakes and rivers, in latitude 


N and 25° § lat., rarely far 


| 
| 
| 
| 
| 
In desert and high steppe regions as well as mountainous | 240 to 300 | 
| 
| 
' 


CRPL BASE MAP 
MODIFIED CYLINORICAL PROJECTION 
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Year-to-year range of monthly mean N, for August. 


of climatic vital 


| Annual | Annual Characteristics 


| mean N, | range of Ns 
| 





| 
oa 
| 


N units | N units 
300 to 350 | 30 to 60 | Generally subtropical with marine or 
| modified marine climate. 
350 to 400 | 30 to 60 | Definite rainy and dry seasons, typical 
| | of Savanna climate. 
Sudan— | 280t0 400 | 60 to 100 | Seasonal extremes of rainfall and temper- 


ature. . 
0 to 60 | Year-round dry climate. 


0 to 30 | 


(Mediterranean | 300 to 340 | Moderate or low annual mean temper- 
| | atures. 
340 to 400 | 0 to 30 | Monotonous rainy climates. 





For a given classification of refractive-index 
climate, diverse meteorological climates and geo- 
graphical regions may be represented. Note, for 
xxample, that type V of table 3 includes stations 
from Mediterranean and marine as well as polar 
climates. Mediterranean stations in this category 
fail to attain a high range because of the character- 
istic dryness of the subtropical high-pressure pattern 
that is generally found in this area during the sum- 
mer months. Polar and marine climates in this 
group maintain a low range due to suppressed 
humidity effects as a result of low to moderate year- 
around average temperatures. 

Annual trends of N, for stations typical of each 
climatic division are shown by figure 14. 





Yet another facet of the climate is the year-to-year 
variation of the monthly mean value of N,. Five 
consecutive years of monthly means were prepared 
for each of the six typical stations whose annual 
cycles are shown in figure 14. Then, for each month, 
the absolute value of the difference between consecu- 
tive years was obtained. These values were then 
averaged for all months and are listed in the 
second column of table 4 

Another measure of the variation of monthly mean 
values of N, is obtained by differencing the maximum 
and minimum values occurring for a given month 
during the 5-yr period. These differences are also 
given in table 4 for the months of February, May 
August, and November. 


268 





pasate 


end 


IF TN" SL TN a PD 


SBhad tare ated 


RNR ma 086 


eee sie, 


Clin 


I 
a sn 
limi 
esti 
of t 
the 
tion 
to ¢ 
corr 

Pp 
heote¢ 
The 


port 


EEA aes 





Si sbiloniataise 


f 

& 
* 
by 


ak GS pet 


er 


LPN RVR RNG aa FEN) ag, 


2s 


Ses 





TYPE 0 
MONSOON - SUDAN 
a es 


TYPE I 
SUBTROPICAL - SAVANNA 
MIAMI, FLORIDA 


TYPE I 
-LATITUDE COASTAL 
WASHINGTON, DC. Be 


| 





Py ‘ 
; | | 
340 | 
280 | | 
240 oe os OS Se PS ee Ss SS ee ee De ! Boo 
TYPE IZ TYPE Z TYPE 
SEMI-ARID MOUNTAIN CONTINENTAL -POLAR ISOTHERMAL EQUATORIAL 
4) DENVER, COLORADO —-_OSLO, NORWAY _ CANTON ISL... PACIFIC 0 
380 } fl aia 
we | | | | | 
: | | | | 
tT) | } i 
280 


240 AE eee aot hs aS i ! ee 
JFMAMJJASOND S JFMAMJJASOND S JFMAMJJASOND SJ 


Representative annual cycles of N, for the major 
climatic types. 


FicureE 14. 


TABLE 4. Year-to-year differences of monthly mean N, 








| | 

| Difference between | Maximum differences between monthly 

| monthly means in | means over a 5-yr period 
successive years for |___ ie : 

the same month, | | 

















Climatic type | 
averaged for all | 
seasons over a 5-yr Feb. May | Aug Nov. 

period | 
I 5.7 6.0 16.5 | 17.0 | 7.0 
II. 5.4 | 8.5 6.5 8.0 | 11.0 
Ill 8.9 | 16.5 14.5 20.0 | 6.5 
IV 5.4 10.5 11.5 | 13.5 | 6.5 
v... 4.7 5.5 11.5 | 10.0 | 5.0 
VI. 7.3 | 9.5 25.5 | 8.5 | 8.5 











5. Applications 


The communications engineer usually has available 
a small amount of measured field strength data from 
limited tests of a particular system. He must then 
estimate the expected signal level or practical range 
of that system, or other systems, for other times of 
the year, other years and in other areas. The varia- 
tion of signal level from month to month and climate 
to climate can be explained, in part, by its observed 
correlation with N,. 

Pickard and Stetson [8, 9] were among the first to 
nete the correlation of N, and received field strengths. 
The correlation of N, and field strength over a 
p cticular path has been studied quantitatively [10, 
|'| and found to be highest (correlation coefficients 
0 0.8 to 0.95) when the variables are averaged over 
p viods of a week toa month. This latter study has 
s' own that the regression coefficient (decibel change 
i field strength per unit change in N,) varies diur- 
1. ily from 0.14 db in the afternoon hours to 6.24 db 
p « unit change of N, in the early morning hours. 





This correlation is so sufficiently consistent that 
Gray [12] and Norton [13] have utilized it in their 
recent prediction methods of transmission loss in a 
band from 100 to 50,000 Mc. In addition, the co- 
efficient 0.2 db per unit change in N, has been tenta- 
tively adopted by CCIR Study Group V in their 
revision of the 30- to 300-Mc tropospheric-wave 


‘propagation curves to account for the geographic 


and seasonal variations of field strengths. The esti- 
mates of field strength variations attributed to N, 
given below are based upon the CCIR coefficient. 

If one assumes, for comparison only, that the 
worldwide average value of N, is 330 and that one 
is able to estimate the field strength level of a partic- 
ular communications system at a given distance and 
for N,=330, then the above correlations would in- 
dicate that the climatic variations of fields given in 
table 5 might be expected. 


TABLE 5.—Climatic variation of hypothetical communications 
system relative to predicted value for N,=330, assuming a 
0.2-db variation per unit change in N, 





———— 

| 

Expected annual 
range on the 





| Expected yearly 


Climatic type * | mean field strength | 


| level relative to | above 

| N.=3: | assumption 

| db | db 
Beast a aviucanponsscce nes eet —6 to +4 | 6 to 12 
ciicaucdnanciccailinamdnnssuecdiumaee al +4 to +14 6 to 12 
ee Nev iinaaaaik nr arse ia eae nce araee —10 to +14 12 to 20 
| |S ee SE panedacra Sacenwaret —18 to —6 | 0 to 12 
RE ET EPR ee me oes ee | —6 to +2 0 to6 
View = +2 to +14 0 to 6 





® Climatic types are the same as those in table 3. 


The data of table 5 indicate, for example, that 
identically equipped tropospheric communications 
systems could display as much as a 32-db difference 
in mean signal-strength level due to the climatic 
difference of say, Denver, Colorado and the tropics. 
Further one might expect the monthly mean field 
strength of this hypothetical system to vary through- 
out the year from less than 12 db in the high plains 
near Denver to as much as 20 db in the African Sudan. 

Under this same assumption, figures 10 and 11 
allow the communications engineer to estimate the 
expected maximum and minimum monthly mean 
field strength expected throughout the year. 

The year-to-year variations of the monthly mean 
N, listed in table 4 indicate that the monthly mean 
of field strength for a particular month may differ 
in successive years by as little as 1.0 db for climatic 
category V in November or as much as 5.1 db for 
category VI in May. 

Another application of these worldwide charts is 
to aid in estimating the refraction of radio waves. 
The most convenient method of accounting for the 
effects of atmospheric refraction is by means of the 
effective-earth’s-radius concept of Schelling, Burrows, 
and Ferrel {14}. The effective earth’s radius, @,, is 
determined from 


1 
adn ja, 


ae 


(6) 


= 
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Sap, 








where a is the true radius of the earth, n is the 
refractive index, and dn/dh is the initial n gradient 
with respect to height. A great simplification of 
propagation calculations is accomplished by assuming 
that dn/dh is a constant, thus allowing radio rays 
to be drawn as straight rays over a fictitious earth 
of radius a, rather than curved rays over the true 
earth of radius a. This simplification allows, for 
example, the distance to the radio horizon, d, of a 
radio ray leaving an antenna of height, h, to be 
calculated from 


d=72a,h. 


One notes, however, that the determination of a, 
involves dn/dh as well as n and that our Np charts 
allow only an estimation of n. This disparity may 
be resolved by utilizing the observation that N, is 
highly correlated with the value of N at 1 km above 
the surface. The difference between N, and N at 
1 km is denoted AN. It has been noted [15] that 
the correlation coefficient between In |AN| and N, 
is 0.926 for 888 sets of data from 45 U.S. weather 


(7) 





stations representing many diverse climates. The 
regression equation 
—AN=7.32 exp {0.005577 N,} (8) 


results when both variables are averaged over 6 to 8 
yr of record. Approximating dn/dh in (6) by AN 
we may determine that the radio horizon distance of 
an antenna located 150 m above the earth would 
vary from 48 km when N,=200 to 59 km when 
N,=400. Yet another application of the N, charts 
is to the exponential models of the decrease of 
refractive index with height which have been recently 
proposed [15, 16]. These models are completely 
specified by N, and may be used to account for 
seasonal and geographic variations of such refraction 
effects as radar range and elevation angle errors. 


6. Critical Appraisal of Results 


The world maps presented above were based upon 
data from 306 weather stations. This number of 
stations appears to be consistent with the scale of 
map used. The map scale is so small, however, that 
only large climatic differences can be expected to be 
discerned. For the climate of any given area one 
should refer to detailed studies of N such as those 
currently in preparation for the United States at the 
Central Radio Propagation Laboratory. 

The accuracy of the present charts may be assessed 
from the charts of maximum range, R, of monthly 
means as given by figures 12 and 13. The standard 
deviation of the individual monthly means may be 
estimated from [17], 0.43 R, where the coefficient 
0.43 is appropriate for five individual observations. 
Since, in general, R<20 N units, then 0.43 R<9N 
units, although this standard deviation may be as 
large as 26 N units for the month of February in 
Australia and 17 N units in the southwest of the United 





States during August, or in the African Sudan during 
February. 

Further, the standard error of estimating a five 
year mean from five individual monthly values js 
determined from 

0.43 R 


vn 


where n for our case is 5 and thus the error of the f 
5 yr mean would be 0.192 R. Remembering that 
R<20 N units and assuming perfect skill in drawing 
the contours, one would expect the standard error 
of estimate to be less than 4 N units. This standard f 
error can be as large as 12 N units in Australia where f 
R=60 N units. ; 

The value of N, at each of the 20 test stations of 
section 2 was estimated from the No contours with f 
an rms error of 5 N units which is consistent with the F 
standard error of estimate obtained from the range F 
charts. In the large areas of sparse data, such as 
the oceans and Russia, this uncertainty rises to about 
10 N units and thus the contours in these regions are J 
dashed. 

At the time the present study was initiated it was 
felt that N, should be reduced to sea level by at least F 
the dry term correction factor as in eq (5). Thef 
absence of published work on models of N structure f 
in the free atmosphere encouraged the decision tof 
rest on prudence and adopt this dry term correction 
factor. Since that time several effective exponential 
models of the free atmosphere have been demon- 
strated [15, 16] and it now appears that it might be 
better in future work to use the slightly larger 
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exponential coefficient which corresponds to the} 
decay of N in the free atmosphere. If the free | 
atmosphere decay were adopted, then the range off 

J) values on the world maps would be reduced from 7 
115 to 110 N units, i.e., less than 5 percent. Since} 
this reduction in range is an order of magnitude less | 
than the original reduction accomplished by the use 
of No, it appears that the basic advantage of the 
adoption of the concept of a reduced value has been 
realized with the initial correction. To produce a 
significantly large reduction in the range of the 
present map contours it would appear that thef 
seasonal and diurnal variation of the exponential 
coefficient would have to be considered; a process f 
which appears at present to be unduly complex. 
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7. Conclusions 
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With the above critical appraisal in mind, the 
salient conclusions of the present study are: 

(a) The radio refractive index varies in a syste- 
matic fashion with climate, and different climates 
may be indentified by the range and mean values 
of the refractive index. £ 

(b) It is 4 or 5 times more accurate to estimate fF 
the station value of the index from charts of thef 
reduced-to-sea-level index than from charts of thef 
station value. This improved accuracy results from f 
using a method that allows height dependence to de} 
accurately taken into account. 
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c) Identically equipped tropospheric communica- 
tions might be expected to vary as much as 30 db 
in monthly mean signal level in different climatic 
regions, and the annual range of monthly mean field 
strength could be as high as 20 db in the Sudan of 
Africa and as low as 0 to 6 db in the high plains of 
the western United States. 
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Path Antenna Gain in'an Exponential Atmosphere 
W. J. Hartman and R. E. Wilkerson 


(May 7, 1959) 


The problem of determining path antenna gain is treated here in greater detail than 
previously [1, 2, 3].1_ The method used here takes into account for the first time the exponen- 
tial decrease of the gradient of refractive index with height, and a scattering cross section 
inversely proportional to the fifth power of the scattering angle. Results are given for all 
combinations of beamwidths and path geometry, assuming that symmetrical beams are 
used on both ends of the path and that atmospheric turbulence is isotropic. The result 
appears as a function of both of the beamwidths, in addition to other parameters, and thus 
the loss in gain cannot be determined independently for the transmitting and receiving 
antennas. The values of the loss in gain are generally lower than the previous estimates 
for which a comparison is possible. 


1. Introduction 


Theories of the forward scatter of radio waves in the troposphere or stratosphere usually 
differ only in their assumptions about the radio wave scattering cross section and pertinent 
meteorological parameters. With any theory, the total effective gain of highly directive 
antennas is less over a scatter circuit than it would be in free space. The “path antenna gain” 
is less than or equal to the sum of the free space gains G, and G, of the transmitting and receiv- 
ing antennas. Expressed in decibels above the gain of an isotropic radiation [1], 


G,<G,4+G,. (1-1) 


Booker and de Bettencourt [2], Norten, Rice, and Vogler [1], and more recently Staras [3] 
have estimated the loss in antenna gain G,, where G, in decibels is given by 


6.-@,+-6,—6,, (1-2) 


for an atmosphere in which the variance of the gradient of the radio refractive index is either 
constant or varies parabolically with height. This paper estimates G, with a model atmos- 
phere in which the refractive index decreases exponentially with height. G, is evaluated using 
antenna radiation patterns which are the same horizontally and vertically. To the authors’ 
knowledge, G, has not been evaluated using antenna patterns which are not symmetric about 
the beam axis. Figures 6 and 7 show graphs of G, for various values of the parameters, and 
section 4 summarizes important definitions and gives a simplified method for predicting G,. 
The reader who desires only an estimate of G, may skip to section 4. 


2. Antenna Gain in Free Space 


The gain function {(6, ¢) is the ratio of the power radiated in the direction (6, ¢) per unit 
solid angle to the average power radiated per unit solid angle. This expresses the increase in 
power radiated in a given direction by the antenna over that from an isotropic radiator emitting 
the same total power. It is convenient to express the gain pattern of an antenna and its free 
space gain in terms of the electric field distribution F(é, 7) over the antenna aperture. Figure 1 
shows a coordinate system with an antenna aperture in the z, y plane and centered at the origin. 





1 Figures in brackets indicate the literature references at the end of this paper. 
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P(x,y,2,) 
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Figure 1. Geometry for determining the gain of an antenna. 


The point P(x, y, 2) is in free space in the Fraunhofer or far zone. Using this notation, the 
power radiated per unit solid angle in a given direction by an antenna having constant phase 
distribution over the aperture is approximately [4] 


ve/u 


P(6,o)= Qn? 





il F(é,n) exp [jk sin 0(E cos ¢+ sin ¢)]dtdn a (2-1) 
A 2 





where yu/e is the impedance of the propagating medium, ) is the free space radio wavelength, 
k=2zx/d, and dédy is a surface element of the aperture. The average power radiated per 
steradian in terms of the total power P, across the aperture is 


Plax =3elt | | F(E,) |*dédn, (2-2) 
8r Ja 


and the ratio of (2-1) to (2-2) is the gain function. 
t(0,¢) =42P (0,0) /Po. (2-3) 
If the aperture illumination F(£é,y) is symmetrical about the origin, the maximum value 


Fmax(6,¢) of (2-3) corresponds to the direction 6=0 along the antenna beam axis, the z-axis in 


figure 1, 
Finax(9,0) =f(0,¢) =A,/(d*/47). (2-4) 


, 


The factor A,, called the “effective absorbing area” of an antenna, is given in terms of the 
’ on £ 


distribution function as 
; 12] 
A=||{ Flgsn)déday if |F’(E,n) |*dédn. (2-5) 
JA / A 


For an isotropic radiator, A,=)?/47, as follows from (2—1) and (2-2). For any antenna with 

a uniformly illuminated aperture (F(é,n) constant), the effective area equals the actual area. 

as may readily be seen from (2-5). For the more usual 10 db tapered illumination of the 

aperture of a parabolic dish antenna, the effective area A, is about 56 percent of the actual area. 
The free-space gain of an antenna in decibels above the gain of an isotropic radiator is 


G=10 logiofmax(0,¢) =10 logiol.A,/(X2/4)]db. (2-6) 
Define the normalized wide function, Jm(0,¢) : 
Jm(9,b) =f(9,0) [fmax(9,4). (2-7) 
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Figure 2 shows the normalized gain function gm(0,¢) versus 6 for a uniformly illuminated 
circular aperture of 100 wavelengths diameter. Figure 2 would be the same for any value of ¢. 
Figure 2 also shows a “square” antenna, power pattern, where g»(8,0) maintains the value 
unity for 0<@<6 and is zero when @ exceeds 6. 
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Fiaure 2. Computed polar pattern (without side lobes) for a parabolic dish (circular aperture uniformly 
illuminated) with D/X= 100 


The “square’’ power pattern will be used throughout the calculations in this paper. 

For practical purposes the gain is often specified in terms of the half-power beamwidth, 26. 
For an antenna with a symmetrical distribution of field intensity over the aperture one obtains 
[4] 


26 =) Holme; (2-8) 


where y; is the ith moment of the function F(z) which gives the aperture field in terms of 
r= V+. Combining (2-1), (2-7), and (2-8). 


F(0,b) ~ (uo/ m2) / (25)? (2-9a) 


or 
4(0,6) =C;/(26)?, (2-9b) 


where C; is a constant of proportionality depending on the characteristics of the antenna used. 
As examples, with the beamwidth 26 expressed in radians, C,=7.2 for a half-wave dipole, and 
C;=8.2 for a parabolic dish with the edge illumination 10 db down from the center illumination. 
This constant C, can be determined for some types of antennas using tables in the book, Refer- 
ence Data for Radio Engineers [5]. 

The half-power beamwidth in figure 2 is 26, where 6 is the value of 6 corresponding to gm(@)= 
0.5 For the square pattern, assuming that 6 is small, the power is radiated through 78 stera- 
dians if the aperture A is circular, and through (26)? steradians if A is square. The power gain 
F(0,¢) is then 42/76? for the circular aperture or 47/(26)? for the square aperture, that is, C;=16 
or C\=4r. 
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G,, as determined by calculations in this report, depends directly on the semibeamwidths 6, 
and 6,, and to a lesser extent on the shapes of the associated power patterns. Subscripts ¢ andr 
in this paper refer to transmitting and receiving antennas, respectively. 


3. Scatter Integral 


If we denote by K the received power relative to free space of a given scatter propagation 
circuit with arbitrary antennas, and by Ky the received power relative to free space of the same 
circuit using isotropic antennas, then the loss in gain in decibels may be defined as 


G,= —10log 10 (3-1) 


K 
Ko 
and the total path antenna gain is 

Gp= G+ G,—G;. (1-2) 


The loss in gain G, depends on the plane wave power patterns of the two antennas and upon 
the path parameters in such a way that the effect of one antenna cannot be evaluated inde- 
pendently of the power pattern of the other. 

In this report, it will be assumed that the antennas are sufficiently high so that ground 
reflection effectively doubles the power incident on the scattering volume over what it would 
be in free space and again doubles the power at the receiver. In general, K is given by the 
volume integral 





__ pf 9gradv 
K=d | eas (3-2) 


where d is the straight line distance between transmitter and receiver, R and R, are distances 
from transmitter and receiver, respectively, to a scattering element dv, and g, and g, are 24m; 
and 29m;, that is, double the power patterns defined by (2-7). The scattering cross section ¢ 
gives the fractional part of the incident power scattered in a given direction (at an angle, a+ £8 
from the forward direction) per unit volume per unit solid angle. Refer to figure 3, which shows 












































Figure 3. Geometry for the scattering integral. 
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some of the geometry appropriate for the evaluation of (3-2). In this figure and throughout 
the remainder of this paper, @ is the angular distance, or the minimum scattering angle. A 
detailed discussion of the derivation of the form for o used here may be found in a recent paper 


[6]. The following result is obtained: 


pan #8)” . 


where a+ is the angle between the directions R and Ry as shown in figure 3, \ is the wave- 
length, <(An)?> is the variance of refractive index fluctuations in the scattering medium, 
and dp is a “‘scale of turbulence” appropriate for the scattering medium, assuming homogeneous 
and isotropic turbulence. Following Booker and Gordon [7], Abbott [8] derived in a sub- 
stantially different fashion the following expression for < (An)? >/o’: 


<(An)?> /le=S’ exp (—2y h)=S exp (—2y 2) (3-4) 


where S’ is the value of this parameter at sea level, h~z—ho/2, S~S’ exp (yho), and 1/y is the 
scale height of the atmosphere, here assumed constant. 
Using the coordinate system shown in figure 3, (3-2) becomes 


K= Ka ‘ef az { de. ae ‘ (35 
~° [ 2 sin (25%) Peay — 





Using the approximation 
(d,—2)*(d,+2)° 


] 
5 =" 2 2) 5/2 
[2 sin (*3*)) (RR)? Petey 


which is justified in appendix 1, and assuming that the effects of back scatter are negligible so 
that we may limit our z integration to the region between the transmitter and receiver, and 





itd (3-6) 


limiting z to the region above the horizon rays, we obtain 


K k= 2nd {° ‘def def dof”, Cae def dup } (3-7) 


where 





. (d,—2)3(d>+a)3Se-2” 
$0) =9mt Jnr — (aw? rm AER (3-8) 
and 
21m Bo(d2+2) (3-9) 
Zom & (dy —2) 3-10 
We can express K in terms of four parameters, Jm:, Jmr; 
=e (3-11) 
0 
and 
n=7d0, (3-12) 
where 
9= ay Bo, (3-13) 
Thus 
K=K(s, N; Yt) Yr). (3-14) 
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For isotropic antennas Jm:=Jmr=1, and thus g,=g,=2, including the effects of ground reflection 
as explained previously. K then becomes 


‘ Y dy 20 © to! 3 él 
neat =k Pet f dx | az{ dw =D tae 
0 J zim 


xd? nie (w?+- 2?) 5/2 


0 bas rp (d —zr)3(d +<2)3¢-2” ' . 
+ [i ae {a [dw pee }. (3-15) 


(3-15) is evaluated exactly in appendix 2 with the result given by (7-14). K (3-7) was eval- 
uated by imposing geometric limits on the integrals and using Taylor series expansions. The 
limits vary as su<c1, su=1, or su>1 where 

















w=" (3-16) 


Figure 4 is a composite drawing and figure 5 is a drawing showing the zw and zh planes for 
su<.l. This leads to five integrals corresponding to the regions shown in figure 5 since it 
was found necessary to evaluate the integrals corresponding to the regions I, and Iy as one 
integral, and then subtract the integral for I,,. The integral K was also evaluated numerically 
with <(An)?>/l2 proportional to 2~? and 2~‘, using the antenna power pattern [2-J,(w)/u]* of 
figure 2 (without side lobes), and the value obtained for G, was found to be always within one 
and a half decibels of the value obtained using a ‘‘square’”’ pattern with the same half-power 
beamwidth and height dependence. 


4 —s 


{ 
N \ 


| Vertical Plane am | 7 a ff 











— - _ th. - - - 
rT 5; ® ‘ <4 
at “ Sy 











- y + r 
7 Horizontal Plane k 5 | 
" | 
Figure 4. Scattering volume with “square’’ antenna Figure 5. Shape of scattering volume in vertical and horizontal PF 
patterns. planes, su>1. 4 
Effects of anisotropic turbulence have not been evaluated in this paper, but it can be shown 
that anisotropic turbulence arising from scale length changes has no effect on Ko [isotropic ! 
antennas] except to add a multiplicative factor of 7, where i 
l, scale of turbulence in vertical dimension —_—s 
r= : : ; —* (3-17) ez 

l, scale of turbulence in horizontal dimension 


However, it has been shown [6, 9] that anisotropic turbulence produces the following effect in 
the integrand, (3-8) of the scatter integral (3-7) 


(d,—zx)3(d2.+2)?Se-?”* 
fa”) =9mi9mr = aaa 











__ ImtGmr (d,—2)3(d.+-2)? Se~?” 
wale wy, »\? 
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where f, (v) is f (v) with the effects of anisotropy included. Using the square pattern as was 
done in this paper, with geometric limits acting as a cutoff for the antenna beamwidths, it 
will be shown that, at least qualitatively, anisotropy will have some effect when using high 
gain antennas. As can be seen using (3-18), only the w integration is affected. A typical w 
integral using the geometric limits for anisotropic turbulence would be of the form 


: ; dw (3-19) 


eel 


7 g (dy+z) 
2 


w re 
Let —e. Then (3-19) becomes 


dv 
' ene (3-2 
J, (v?+27)5/? ) 
This integrand is the same as in the case of isotropic turbulence, but the range of integration 
is larger, since r<1. Thus, the values of G, obtained here would be lower if the effects of 
anisotropy were included. This effect is the same as if antennas with larger beamwidths in 
the horizontal dimension than in the vertical dimension were used in an isotropic atmosphere. 


4. Results 


The integrals in the preceding section were calculated for numerous combinations of the 
parameters. Typical curves which resulted from these calculations are plotted in figure 6. 
The curves in figure 6 corresponding to path symmetry (s=1), and identical antennas (u=1), 
are shown again in figure 7 using a different coordinate system which facilitates interpolation. 
Because of the number of parameters involved it was found impractical to show all of the curves 
of the type shown in figure 6, and instead, an empirical formula was derived, using these curves, 
which gives good accuracy using only two graphs and a few simple calculations. The following 
discussion defines the necessary parameters and shows how to use the empirical curves. 

The basic parameters which depend on the path geometry are shown in figure 3 and are 


as follows: 


a, Bo, 4, (4-1) 
from which may be calculated 
a ‘ 
s= — (4-2a 
Bo’ 
0=c0+Bo (4-2b) 
and 
ho=7 308+ (4-2¢) 
(1+-s)° 


Combining these with the rate of decay of the variance of the refractive index with height, 7, 
one obtains 

n=yd0 (4—3a) 
and 


Ons 
vy =2yho= oF (4-3b) 
For the purpose of illustration,? y=0.23/mile will be used here. 


2 For additional values of y, see reference [10]. 
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LOSS IN PATH ANTENNA GAIN IN DECIBELS 
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The parameters which depend on the antenna characteristics are the half power semibeam- 
widths, 6, and 6,. These are used to calculate 


u=6,/54. (4-4) 


At the end of this section, formulas are given for calculating 6 from the free space gain of the 
antenna or from the frequency and area of the antenna aperture. 

In the empirical formula, the two parameters s and yu, are combined in the single parameter 
su, and two separate cases arise. 


Case I, su>1. 
Calculate 
N= ay/6;. (4-5) 
Read f (v) from figure 8 and calculate 
n= (n+0.03r)/f(r). (4-6) 


Read G, from figure 9 for the appropriate value of su. Linear interpolation is possible using 
the formula 


A ae 

; su (sp)’ - 

G=G1! +—*— se a ee a (4-7) 
(su)’’ (su)’ 
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Figure 8. The contraction factor f(v). 


LOSS IN PATH ANTENNA GAIN IN DECIBELS 
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Ficure 9. Loss in path antenna gain versus fi and the product 
su for v=0. 


where G,’ and G,’’ correspond to the graphically obtained values for (su)’ and (su)’’ less than 
su and greater than su, respectively. 


Case IT, su<1. 


Calculate 





n= By/6,. (4-8) 


Sener 


Read f(y) from figure 8 and calculate 
A= (n+0.03r)/f(r). (4-9) 


Read G, from figure 9 on the curve corresponding to the value of 1/su. Use formula (4-7) for 
interpolating replacing (su) by (1/su), (su)’/ by (1/su)’ and (su)’’ by (1/su)’’. 

If the gain G in decibels is known, the half-power semibeamwidth may be calculated using 
the following formulas which may be derived from the formulas in section 2, and are given here 
for a parabolic dish of diameter D feet at a frequency f,, megacycles per second. G is given by 


7=10 log yo[0.5622(D/)?] (4-10a) 
=20 logio Dr +20 logiofne—52.431 db. 
Also, 


G=10 logi9[8.2/(25)?] (4-10b) 





with 6 in radians, and thus, 





6= 1432 10-¢/°=609)/D mr. (4-10e) 
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5. Comparison with Previous Estimates 


In figure 10, our estimates of G, are plotted together with the estimates given by the previous 
authors [1, 2, 3]. The values from Staras’ [3] paper which are shown in figure 10 correspond 
to the assumption of isotropic turbulence. For this comparison, it was necessary to use only 
the curves corresponding to the assumptions of path symmetry and identical antennas on each 
end of the path since some of the previous estimates are available only for these cases. In 
addition, our assumption that the gradient of refractivity of the atmosphere decreases expo- 
nentially with height leads to the parameter y=2yh, which does not appear in the other papers. 
For making this comparison we chose the typical value of y=2 corresponding to y~0.23, 
d=300 mi, and @~50 mr. Our values of G, in figure 10 are lower than the other estimates, and 








LOSS IN PATH ANTENNA GAIN IN DECIBELS 
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ao/3+ 


Fictre 10. A comparison of loss in path antenna gain obtained from different scatter theories for a symmetrical 
path for d=300 miles, u=6;/5,=1, s=ao/Bo=1 (antennas on the surface). 


as can be seen in figure 6, they would be even lower if a larger value of » were used or if an 
allowance were made for some degree of anisotropy. The difference between our curve and the 
others is primarily the result of the use of the exponential model atmosphere which is supported 
by ample data [10] and a scattering cross section that is proportional to [2 sin {(a+)/2}]-°. 


The authors acknowledge the assistance of P. L. Rice and H. K. Hansen in the preparation 
of this paper. 
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6. Appendix 1 
The approximation 


~ (di—2)*(d,+2)' 
2 d*(w*+-2?)5/ (3-6) 








[2 sin 


is usually derived by assuming that a+ is small [1]. The following method is used to obtain 
this approximation, because it has the advantage that the error is evaluated. Let 


R+Rotd 


P= 9 (6-1) 





Then, using a well known formula from geometry, 


~ fatB\] > o_ (P— Ro) (P—d)\7/P(P— Ro) \” 
E oe es | _ { ( Peal ) -— os 
P(P—R)\'2/(P—R)(P—d) (R+Ry)2—@Y 82 
+( Rod mt a) 3 = {a 4RR a (6-2) 











From the geometry 








Ro =YV (d,—2)?+22+w? (6-3) 
i = V(do+2)?+2?-+w? (6-4) 
and 
7 27+? 1/2 a 
RR) =(d,—2) (d2+-2) 1+ =< - es ° (6-5) 
a si (do+ax)? 
(6-5) can be expanded if 22+-w? < (d,—x)? and 2?+w? < (d,+z)?.. This is generally the case for 
a beyond-the-horizon propagation path. Then, 
Z i Sa (dy+ xr)?+(d,;—2) 
RRy=(di—z) (do ae tee (6-6) 
vio = (di —2) (do +-2) ye (d,;—2) ao ‘nf ’ 


Using (6-3), (6-4), and the first two terms of (6-6), we obtain 





Using (6-2), (6-7), and the first term of (6-6) we obtain 








Bias a+p Bias 
[2sin( : ) _ (RR)? di —2)8(d2+2)° (6-8) 
(RR) (RE Ry E PP Pw 2)?” 


which is the same as (3-6). 
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7. Appendix 2 


The derivation of (3-15) with gm;=1, Gmr=1 is as follows: 


YY oun )3 30 —272 
K(en2,.2)= 8 { f" tn def a Ip ee v2 


*0 or) % 0 —r)3 )3e-27 
+f dc| dz| dw - ai- Te a a “}— Ki+ Ko, (7-1a) 
—d, 20m J —-a 

















where K, and kK, correspond to the scattering regions to the left and right of the crossover C’ 


of radio horizon rays in figure 3. 


Z1m=Bo(d,+2). (7-1b) 
Zom=a(d,—2). (7-1c) 
In Ky, let 
r=kd, (7-2) 
and 
ayes (i+! ‘), (7-3) 


where 


— ay / Bo = d,/d; . 


In Kz let 
r=—kd, (7-4) 


and 


Then, integrating with respect to w, we obtain 


- 4ySd - wr i : —y bi > 
Ko= a, =, (1—k) ake Zo exp | 0 (I +k/s) iz 
“1 *1 = 
+s| (1— Ryde | 22 exp [5 -(1 +k) |azo} (7-6) 
0 0 <0 


where we have set 


y= 2yho=2yaol, =2 Bos. (4-3) 
Let 
1 af | ad | ay 
L.=; | —kdk | 2? exp E (1-4 l/s) | dz, (7-7a) 
TS Jo 0 <0 
and 


m "1 "1 iis 
= | (1 —kysdk | 23 exp (= (1+ st) | dz. (7-7b) 
1+s Jo 0 =0 


We need only consider (7—7a) since (7-7b) can be obtained from (7-7a) by replacing s by 1/s. 
Thus, performing the integration with respect to k, we obtain: 


wi ue 829 3(sZ9)? , 6(sZ)? ~ 6(sz 6 (sZo)* exp [—v/(s2o) ™ 
L=i,,| 22 exp (—»/2o) 4 ———"-_+—_-_ -—— ¥ of a - t 0] do. (7-8) 
3. Vv 


l+sJo y y’ (y)4 
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=u, (7-9) 
,70 
y=v(1+1/s), (7-10) 
and , 
s'+733+218?+35s a 
fit = = (7-11) 
Then 


6ste_ <5) 


Ss 48 6s 
L.= =a) fe a+ uf = |+ wo - 
= po... st ie +216" G2 ~) Lay 
=” y® 5v° als ee y 34 Bi ») 


- oe 1 
3.04 5 ES Se TO Le Ce a Milne ‘ 7-12 

i a a r Grit 3008 ae aa 729 EX ») |S acs 
where 





272 en? 
— Fi(—z) =| —— dt. (7-13) 
Thus, adding LZ, and ZL, we obtain: 
Ko= rSd 5 {e-"[—720 (87+ 1) +120 (s’+7s°+7s+ 1) y—24y*[(s+1)? 


210 r@*y*(s+-1)s 
—35s°(s+1)]+ (s+1)74(6—2v+v?—p*)]—(s+1)*y" [Ev (—v) — Fi (— [1+ 1/s]) 
— Hi(—vr[1-+s])]+se-"9*/® [720s°— 1208°(1 +8)y+2484(1 +8) ?y?—6s3(1+8)%7' 
4-28?(1 +8) 4v4—s(1-+8)55+ (1+8)%9]-+e-"+ [720—120(1 +s)y+24(1+8)2p? 
—6(1-+s)3+2(1-+8)4v4— (1+8)55+ (1+8)%]}. (7-14) 
Figure 11 shows 3 76°(1+-s) Ko/2Sd plotted versus »/2 for several values of the path asym- 


metry factor, s. 
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Ficure 11. Dependence of the scattering integral on s and n. 
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Effect of Atmospheric Horizontal Inhomogeneity Upon 
Ray Tracing’ 
B. R. Bean and B. A. Cahoon 


(May 7, 1959) 


The tracing of radio rays is normally carried out under the assumption that the refrac- 
tive index varies only in the vertical direction. Although this assumption appears to be 
quite reasonable in the average or climatic sense, it is seldom satisfied under actual conditions 
and is strongly violated by horizontal airmass changes occurring near frontal and land-sea 
interfaces. This latter case is investigated by tracing rays through two instances of ob- 
served marked horizontal variation of the refractive index. The bending for these ray 
paths was then compared with values obtained under the normal assumption of horizontal 
homogeneity. 

Although at 1 kilometer and above these horizontal changes appear to have little effect, 

rays emitted at low elevation angles are sensitive to extreme horizontal variations of the 
atmosphere near the surface, such as those associated with ducting conditions. However, 
since it appears that such conditions occur less than 15 percent of the time at most locations, 
the majority of ray-path calculations may be carried out under the normal assumption of 
horizontal stratification of the refractive index. 








1. Introduction and Background 


It is common in ray tracing studies to assume that 
the refractive index of the atmosphere is spherically 
stratified with respect to the surface of the earth 
[1, 2, 3, 4, 5].2. Thus, the effect of refractive index 
changes in the horizontal direction is normally not 
considered, although recently Wong [6] has con- 
sidered the effect of mathematically smooth hori- 
zontal changes in airborne propagation problems. 

Neglecting the effect of horizontal gradients seems 
quite reasonable in the troposphere because of the 
relatively slow horizontal change of refractive index 
in contrast to the rapid decrease with height. In 
fact, examination of climatic data indicates that one 
must compare sea level stations located 500 km from 
each other on the earth’s surface in order to observe 
a difference in refractive index values which would 
be comparable to that obtained by taking any one 
of these locations and comparing its surface value 
with the refractive index 1 km above the location. 
Although the assumption of small horizontal changes 
of the refractive index appears to be true in the 
average or climatic sense, there are many special 
cases such as frontal zones and land-sea_ breeze 
elfects where one would expect the refractive index 
to change abruptly within the 80-odd kilometers of 
horizontal distance traversed by a tangential ray 
pussing through the first kilometer in height. 

_ |t is these latter variations that are investigated 
in the present paper. Two cases of marked hori- 
z ital change of refractive index conditions were 
si died; one which occurred over the Canterbury 
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R- carch Facility, Norfolk, V 
igures in brackets indicate the literature references at the end of this paper. 





Plain in New Zealand and the other at Cape Canav- 
eral, Fla. Although these particular sites were 
chosen for several reasons such as land-to-sea paths 
and a subtropical location (where marked changes 
in refraction conditions are common) the major 
consideration was that detailed aircraft and ground 
meteorological observations were available for pro- 
longed periods. 

These detailed meteorological measurements allow 
a quantitative evaluation of the error apt to be in- 
curred by assuming that the refractive index is 
horizontally stratified. The procedure used was to 
determine the refractive index structure vertically 
over the transmitter and assume that this same 
structure described the atmosphere everywhere. 
Rays were then traced through this horizontally 
laminated atmosphere. These ray paths were then 
compared with those obtained by the step-by-step 
ray tracing through the detailed convolutions of 
refractive index structure in the two cases under 
study. 

In the sections that follow we will discuss the two 
cases chosen for study, the methods of calculations 
used to evaluate refraction effects, and the degree of 
confidence to which standard prediction methods 
may be used under conditions of horizontal inhomo- 
geneity. 


2. Canterbury 


The Canterbury data was compiled by a radio 
meteorological team working from September 1946, 
through November 1947, on the South Island of 
New Zealand under the leadership of R. S. Unwin 
[7]. This report proved invaluable in this investiga- 
tion as it was very carefully prepared, giving minute 
details of the experiment on a day-to-day basis. 
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Anson aircraft and a trawler were used for meteoro- 
logical measurements over the sea, and three mobile 
sounding trucks for observations on land. The 
trucks and the trawler carried wired-sonde equip- 
ment, whereby elements for measuring temperature 
and humidity up to a height of 150 m to 600 m (de- 
pending on wind conditions) were elevated by means 
of balloons or kites. Standard meteorological in- 
struments provided a continuous record of wind, sur- 
face pressure, temperature, and humidity at sta- 
tions at the coast and 14 km and 38 km inland. 
The headquarters of the project were at Ashburton 
Aerodrome, and the observations extended out to 
sea on a line perpendicular to the coastline of Canter- 
bury Plain. Aircraft were equipped with a wet- 
and dry-bulb psychrometer, mounted on the port- 
side above the wing. Readings were taken three or 
four times on each horizontal flight leg of 2 or 3 min 
duration. Special lag and airspeed corrections 
were applied, resulting in accuracy of +0.1° C. 
It was found that, under the variety of conditions 
in which observations were made, the aircraft 
flights were more or less parailel to the surface 
isobars; hence, the sea-level pressure as recorded 
at the beach site was considered to hold over the 
whole track covered by the aircraft. The rela- 
tionship used for calculating the pressure; P, in 
millibars at a height A in feet was: 


P(h) =Po—h/30 


where Po is the surface pressure. This approxi- 
mation (determined by averaging the effect of the 
temperature and humidity distributions on pres- 
sure in a column of air) resulted in a maximum error 
in the refractivity of 0.5 percent at 900 m. Radio- 
sonde ascents at Hokitika on the west coast of South 
Island and Paraparaumuo and Auckland on North 
Island were used to supplement the aircraft measure- 
ments, particularly in the altitude levels above 1 
km. 

The observations, diagrams and meteorological 
records were studied, and a profile of unusually 
heterogeneous nature was chosen. The synoptic 
situation for the morning of November 5, 1947 was 
selected, as it revealed a surface-ducting gradient 
near the coast with an elevated layer about 100 
km off shore. A cross section of the area from 
Ashburton to a point 200 km off shore was plotted 
with all available data, and isopleths of modified 
refractive index, M, were drawn to intervals of 2.5 
units. 


M=(n—1+K,h) 10°, (1) 


where K,= (15.70) (10-*)/m and 


77.6 4,810e, RH 
_ _ U Ld > 
N=(n—1)10°= 7 [P+ T | (2) 





where P is the station atmospheric pressure in milli- 
bars, RH is the percent of the saturation vapor pres- 
sure, és, in millibars at the absolute temperature, 7, 





in degrees Kelvin and n is the refractive index [8]. A 
simplified version of the lower portion of this cross 
section with the corresponding M curves is accom- 
panied by a sketch of the general location of the 
experiment in figure 1. Some smoothing was neces- 
sary, particularly near the sea surface and in those 
areas where aircraft slant ascents and descents caused 
lag errors in altimeter readings and temperature 
and humidity elements. Isopleths over land were 
plotted above surface rather than above sea level 
with an additional adjustment in the scale ratios of 
height and distance in an attempt to simplify the 
reading of values from the diagram. 


3. Cape Canaveral 


The second area studied was the Cape Canaveral 
to Nassau path for the period of April 24 to May 
8, 1957. This material was supplied by the Wave 
Propagation Branch of Naval Research Laboratories 
and the University of Florida. The particular 
case chosen for study was the meteorological profile 
of May 7, 1957, (2000 e.s.t.) due to its heteroge- 
neous nature, showing a well-defined elevated layer 
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1947, at Canterbury, with a map locating sources of mete- 
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»! about 1,500 m. Fourteen refractometer soundings 
from aircraft measurements taken at various lo- 
cations along the 487-km path (fig. 2) and six refrac- 
tive index profiles (deduced from radiosonde ascents 
from Cape Canaveral, Grand Bahama Island, and 


Eleuthera Island) were read in order to plot a cross 


section of the atmosphere which would represent. 


as closely as possible the actual refractive conditions 
at that time. Unfortunately, the data near the 
surface (up to 300 m) were quite sparse compared 
to those recorded in the Canterbury Project, and 
calibration and lag errors had not been noted as 
carefully in this preliminary report; therefore, some 
interpolation and considerable smoothing of refrac- 
tive index values were necessary when drawing 
isopleths. 
4. Ray Bending 

The classic expression for the angular change, 

r, or the bending of a ray passing from a point where 


the refractive index is n; to a second point where the 
refractive index is n2 is given by [5] 


m. dn 
na=— — cot 8, 
nm n 
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Fi wre 2. Isopleths of refractive index and map of refractom- 
eler flight for May 7, 1957, Cape Canaveral to Nassau. 





where @ is the local elevation angle. 


Equation (3) 
was evaluated by use of 


N,-—N. = 
bry = ND) 5 10-* cot 8, (4) 
11,2 
where 
~ +6, 
- 2 


The value of 6 at each point was determined from 
Snell’s law: 


(5) 


where r is the radial distance from the center of the 
earth and is given by a+h, where a represents the 
radius of the earth and A the altitude of the point 
under consideration. For simplicity one may re- 
write (5) as 


N; 1; COS 6,=Nz r2 COS 6.—constant, 


(1+N,X10-§)(a+h,) cos 6,= 


(1+N2X 10-§) (a+he) cos 4. (6) 
Then, when @ is small, one may expand (6), neglect 
second order terms and obtain the convenient 
expression : 


= {4422 _a(y,—y x10-* )", (7) 


a 


where all values of @ are in milliradians. 


After obtaining 7 by use of (6) or (7), one may 
determine the distance, d, along the earth’s surface 
that the ray has traveled from: 


d,,2=al[t1,2+ (0.—96;)]. 


Thus by successive application of the above formulas, 
one may trace the progress of the radio wave as it 
traverses its curved path through the atmosphere. 
Normally the use of these equations is quite straight- 
forward. When considering horizontal changes in 
n, however, one must satisfy these equations by 
iterative methods. In the present application, since 
n had to be determined by graphical methods, it was 
felt to be sufficient to assume a constant distance 
increment of 250 to 500 m, solve for appropriate 
height increment from 


(8) 


shad ton’, [1 * A (9) 


graphically determine N for the point d,+ Ad, h,+Ah 
and then determine 6 and 7,9. 

This latter type of ray tracing was done for various 
rays of initial elevation angles between 261.8 milli- 
radians (mr) (15°) and 10 mr (~0.5°). The calcu- 
lations were not carried to smaller elevation angles 
since this type of ray tracing is not valid within 
surface ducts for initial elevation angles below the 
angle of penetration [9, 10]. 
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5. Comparisons 


Although both of the calculated ray paths consisted 
of an oversea itinerary with coastal transmission 
sites, they are quite different in other aspects. 
Canterbury Plain is located southeast of the 10,000- 
ft chain of the Southern New Zealand Alps at a 
latitude of 44° S (the equatorward edge of the 
westerly belt of winds in November). Cape Ca- 
naveral is located on a sea level peninsula at 28° N 
(the poleward edge of the northeast trade circula- 
tion in May). While the Canterbury profile showed 
superrefractive tendencies, the Canaveral profile 
illustrated subrefraction at the surface counter- 
balanced by an elevated trade wind inversion layer, 
indicating that the total bending values of Canter- 
bury would be higher than normal, while the Ca- 
naveral example would have values near or lower 
than normal. 

These differences are illustrated by figures 3 and 4 
where the bending, 7, in milliradians is plotted 
versus altitude in kilometers. The effect of hori- 
zontal changes is most pronounced for rays with 
initial elevation angles of 10 mr. On these figures 
the term ‘“‘vertical” ray is used to designate the ray 
path through the horizontally homogeneous n struc- 
ture determined from the refractive index vertically 
over the station. The term “horizontal” ray 
designates the ray path through the complex actual 
n structure. It is quite evident that a consistent 
difference in bending of about 1 mr exists between 
the “vertical” and “horizontal” rays at Canterbury 
above 1 km for &@=10 mr. This would be expected 
since the vertical M profile (fig. 1) at the beach (our 
hypothetical transmitter site) is nearly normal in 
gradient while as little as 10 km to sea a duct exists, 
thus indicating a near maximum difference between 
the “horizontal” and the “vertical” rays at any 
initial elevation angle small enough to be affected 
by the duct. This is in contrast, however, with the 
case of Cape Canaveral where, except for the region 
of the elevated duct centered at about 1,500 m, the 
“vertical” and “horizontal” rays are in quite close 
agreement. These two examples illustrate that 
horizontal variations must be near the surface to be 
most effective. The importance of the altitude of 
the variation is due to the fact that refraction effects 
are very heavily weighted toward the initial layers 
[10]. 

Also shown on figures 3 and 4 are the values of the 
bending which would be predicted from the Central 
Radio Propagation Laboratory corrected expo- 
nential reference atmosphere [11]. The values 
shown are obtained from the value of N at the trans- 
mitter site as corrected by the vertical gradient over 
the first 100 m. It is noted that, for 6=10 mr at 
Canterbury, the value of bending predicted by the 
model is in essential agreement with the “vertical 
ray” bending but underestimates the “horizontal 
ray” (which has the largest variation of n with 
horizontal distance) by about 1.25 mr. For Cape 
Canaveral at 6=10 mr, the model atmosphere over- 
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FicurE 3. Canterbury, 0 to 10 km, altitude versus ray bending. 
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bending q. 4 


estimates the de emai by about 1.25 mr for altitudes” 
in excess of 2 km. It should be emphasized that,” 
although the ‘model exponential atmosphere appears 
to represent the average of the two specific cases 
studied, the departure from this average arises from” 
quite different causes in each case. The differences) 
in the Canterbury case arise from the marked effec! 4 
of horizontal variation of n as is indicated by the® 
agreement of the vertical ray bending with the mode 3 
atmosphere. The disagreement in the ( ‘anaverall 
case is due to the presence of a very shallow surface) 
layer of nearly normal gradient topped by a str ongl 
subrefractive layer; therefore, it represents a short 
coming of the model rather than an effect of hori§ 
zontal changes of n. 

The preceding analysis of bending throws the rej 
fractive differences in each case into sharp re lief 
The effect of refraction, of course, is to vary the ray 
path. Figures 5 and 6 show the ray paths cove 
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ponding to the bendings of figures 3 and 4. Note 
‘hat for Canterbury at #=10 mr the effect of the 
lorizontal variation of n is to produce a difference in 
estimation of about 1 km in height or 20 km in 
ground distance at 300 km from what would be ob- 
tained from considering the vertical profile as a 
representation of the entire path. The effect of the 
subrefractive layer at Cape Canaveral is not so 
large, but it does cause an overestimation of the 
ground distance by about 5 km and an underestima- 
tion of the height by less than one quarter of a kilo- 
meter at a ground distance of 300 km by assuming 
that the vertical profile may be used throughout the 
entire ray path. 
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Figure 5. Canterbury, 0 to 10 km, altitude of ray versus 
distance. 
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6. Extension to Other Regions 


t should be pointed out that the ducting case at 
C nterbury represents an extreme refraction condi- 
ti i and is not necessarily typical of conditions 
| -erved in other regions or, indeed, at Canterbury. 
I » Canterbury project was purposely restricted to a 
s!_ dy of ducting conditions with the result that less 





(' 1 20 percent of the total observations for the 
‘n months are reported. Therefore, because one | 
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of the more extreme cases is represented by the 
November 5th example, one might conclude that 
much less than 20 percent of the observations would 
show the same degree of horizontal n change as the 
profile studied. 

If one further hypothesizes that the greatest 
horizontal n change would be associated with ducting 
conditions, then the percentage incidence of ducts as 
evaluated from radiosonde observations, listed for 
various stations in table 1, would indicate that the 
effects of horizontal changes of n sufficient to cause 
variations in the ray path as large as those of the 
present study would be observed less than 15 percent 
of the time, regardless of geographic location. 


Percentage occurrence of surface ducts during the 
years 1952 to 1956 


TABLE 1. 








Station | % incidence 
| February May August November 
Fairbanks, Alaska. _______- 9.4 | 0.4 0.4 6.2 
Columbia, Mo Gees on 2.5 8.4 | 1.3 
Washington, D.C___- =osn=ns| > 1.8 4.3 | 1.4 
Canton Island. ._._..-.------ 10.0 | 9.2 12. 4 11.5 
Miami, Fla___- 3.5 8.5 2.7 


5 eee 0.7 | 





The probable importance of subrefractive layers 
upon the prediction of refraction effects has emerged 
as a secondary result of the present study. Although 
subrefraction is normally neglected, it is potentially 
& very important refractive factor for distances of, 
say, less than 40 km. Even though the percentage 
occurrence of subrefractive lavers can be as large as 
6 percent (see table 2), this effect is frequently offset 
by the concurrent occurrence of an adjacent super- 
refractive layer, as is illustrated by the Cape Canav- 
eral example. 


Percentage occurrence of surface subrefractive layers 
during the years 1952 te 1956 


TABLE 2. 


Station &% incidence 
February May August Notember 
Fairbanks, Alaska. -.-....... 0.0 0.0 1.2 0.4 
Columbia, Mo........-...... .0 1.6 0.6 4.0 
Washington, D.C_______._- 9 2.2 5.8 27 
Canton Island - _- keine 0 0.0 0.0 0.3 
Miami, Fla__ Shai ey i .3 9 ae 





7. Conclusions 


The conclusions of the present study could be 
considerably modified by the analysis of many more 
examples, although it is evident that horizontal 
variation of n near the earth’s surface produces the 
most marked deviations from the ray paths obtained 
by assuming horizontal stratification of n. The 
effect of horizontal changes occurring more than a 
kilometer above the surface appear from our present 
examples, to have little effect. Further, the effects 








of horizontal changes appear to be most pronounced 
in the presence of surface ducts and at small elevation 
angles. The tentative conclusion is reached that 
the effect of horizontal n change is normally small 
since ducting will occur less than 15 percent of the 
time. 

The authors express their appreciation to C. M. 
Miller, G. E. Richmond, B. J. Weddle, and P. C. 
Whittaker for their aid in the laborious calculations 
necessary for this study. 


In addition, the authors express their gratitude for 
permission to use the data of the Canterbury Project 
and the Wave Propagation Branch of the Naval 
Research Laboratories. Indeed, the present study 
would have been quite impossible without their 
unusually detailed reports. 
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On the Correlation of Solar Noise Fluctuations in 
Harmonically Related Bands 


L. R. O. Storey 


(May 25, 1959) 


A method is proposed for the study of the solar corona, by observing a delayed correla- 
tion between rapid fluctuations of enhanced solar radio emission in harmonically related 


frequency bands. 
by nonlinear plasma oscillations. 


The correlation is expected in those types of emission that are produced 
The delay of the fundamental frequency with respect to 
the harmonic would be brought about by dispersive group retardation in the corona. 


The 


method appears to be most suitable for use with type II bursts, though it might also be 
applied to other types of nonthermal solar emission. 


A solar noise burst of type II consists of a narrow 
band of intense radio emission, that drifts steadily 
downwards in frequency over a period of several 
minutes (Wildand Macready [1] and! Wild [2]). Often 
two such bands are observed simultaneously, with 
center frequencies roughly in the ratio 1:2. This 
fact suggests that the burst originates in nonlinear 
plasma oscillations in the solar corona (Wild, Murray, 
and Rowe [3]; Maxwell, Swarup, and Thompson [4]). 
The escillations are thought to be excited by the 
motion through the corona of a bunch of particles 
that has been ejected violently from the photosphere. 
Usually the burst is preceded by a solar flare which, 
in these cases, may well be the original source of the 
fast perticles. At each point along their course 
outward through the corone, the impact of the 
particles excites oscillations at the local plesme 
frequency, which radiate the noise observed in the 
lower of the two bands. Because the oscillations are 
supposedly nonlinear, energy is radiated also at the 
second harmenic of the plasma frequency, and. this 
corresponds to the upper band. As the bunch of 
particles continues outward, it encounters progres- 


e sively decreasing local plasme frequencies, and this 


circumstance explains the downwerd progression of 
the frequency of the burst. 

Now it is possible that the noise in these bursts 
may exhibit fairly rapid nonstatistical fluctuations, 
of duration 0.1 see or less, due to irregularities either 
in the distribution of electrons in the corone, or in the 


strength of the source of excitation for the oscille- 
tions. If so, then the same fluctuations would be 
expected to occur on both the fundamental frequency 
and on the harmonic, since the two frequencies are 
generated simultaneously at the same point by the 
saie process. However, the fluctuations would not 

xectly simultaneous when observed at the earth, 
becouse, as the waves travel outward through the 


corona, the different frequencies would experience 


dif!-rent amounts of group delay; the fundamental 
If the 


il be delayed more than the harmcnic. 


ires in brackets indicate the literature references at the end of this paper. 











differential delay between the fluctuations on the 
two frequencies could be observed end measured, it 
might prove to be a source of useful information 
about the solar corona. 

To find out whether this differential delay. is 
likely to be observable, its size has to be estimated. 
In the appendix, some calculations are made on the 
assumptions that the electrons in the corona are 
distributed with spherical symmetry about the 
center of the sun, and that their number density 
N varies with distance from the center according 
to the power law 


N=N,R-°, (1) 


where No is the 
the photosphere, 


nominal density at the surface of 
and the distance /? is measured in 
solar radii. The source of excitation for the burst is 
assumed to be traveling radially outwards from 
the sun, along the line directly towards the earth. 
In calculating the group delays, no account was 
taken of the possibility that magnetic fields might 
be present. On these assumptions, the differential 
delay between a fluctuation on the fundamental 
frequency f and the same fluctuation on the second 
harmonic (2f) is 


AT(f) =Kf", (2) 


where the factor of proportionality A’ depends on 
the values of No and 6b. These parameters were 
estimated by fitting the distribution (1) to the 
densities given by Van de Hulst [5], which were 
obtained experimentally by measurement of the 
brightness and polarization of coronal light at dif- 
ferent angular distances from the sun. The densities 
used were those that apply at sunspot maximum, 
and the fit was made at the level where the density 
corresponds to a plasma frequency of about 100 
Me; this process gave the values Ny=4X 10° em™, 
and b6=9. Thence K~1, when AT’ is measured in 
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seconds, and f in megacycles. Equation 2 then 
yields the following estimates of the delay at various 
frequencies of the fundamental: 


f AT 
0.40 sec 


.38 sec 
.36 sec 


80 Me 
100 Me 
120 Me 


These are lower estimates because, above the 
100 Me level, the densities given by (1) are rather 
less than those of Van de Hulst’s distribution; vet, if 
that distribution is correct, then they are not likely 
to be excessively low, as most of the differential 
delay of the waves is produced just above their level 
of origin.” 

It appears that a differential delay of about 0.4 
sec should be expected, and that, for the assumed 
distribution, it should vary only slowly with fre- 
quency. <A delay of this order should be observable 
readily, provided that the noise itself contains 
fluctuations of much shorter duration. If observed 
on just one harmonically related pair of frequencies, 
the delay would give a weighted measure of the total 
electron content of the corona above the level of 
origin of the waves. If the delay could be measured 
at several such pairs of frequencies, and the same 
assumptions were made as in the calculations above, 
then the observed variation with frequency would 
give the value of the index b in the power law for 
the distribution of electrons. More generally, it 
should be possible to infer the distribution of electrons 
in height with no prior assumptions about its form, 
by a variant of the “lamination” methods that have 
been developed for analyzing the group delays 
observed in ionospheric sounding (Thomas [8)}). 
This information, when combined with the observed 
frequency/time relation for the burst, would show 
how the height of the source of excitation in the 
corona increased with time. At present, the radial 
movement of the source can be traced only by 
assuming some model for the distribution. 

In this kind of analysis, height would be measured 
with respect to the level of origin of the highest 
fundamental frequency that was observed. The 
height of this particular level with respect to the 
photosphere would have to be estimated in some 
other way. For instance, if the radio burst was 
preceded by a flare, then the time interval might be 
measured between the occurrence of the flare and 
the onset of the burst; this information, when com- 
bined with the calculated velocity of movement of 
the source of excitation, would give the height. 

Such an analysis would also be complicated by 
the fact that the source would not, in general, be 
moving directly towards the earth; nor would it 





2 However. some recent studies indicate that Van de Hulst’s figures may be 
too low. Newkirk [6], on the basis of further optical measurements, concludes 
that even on the quiet disk the figures should be multiplied by a factor of 2.2, 
while over active regions the factor should be 4.5. Maxwell [7], on evidence from 
the radio bursts themselves, has suggested that the multiplying factor for active 
regions may be as high as nine. If such factors indeed apply, then the estimates 
of the differential delay 47 should be multiplied by these same factors raised to 
the power of 1/b (see eq 11 in the appendix); for the given value of b, the increase 
in the estimates is less than 25 percent. 
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necessarily, even, be moving radially outwards from 
the sun (Wild, Murray, and Rowe [3]). However, 
it is worth noting that any motion of the souree 
transverse to the line of sight can be observed 
directly by other means (Payne-Scott and Little 
{7]). Ifsuch observations were combined with those 
of the differential delay, it might then be possible to 
infer the distribution on the assumption of spherical 
symmetry. ‘This assumption itself may seem naive, 
considering that the corona is known to have an 
irregular structure, but nonetheless it may still be 
useful as a basis for deriving a first approximation 
to the distribution. 

The first step in implementing these proposals 
would be to find out whether the noise in the type II 
bursts does exhibit nonstatistical fluctuations that 
are sufficiently rapid to be of use for measuring the 
differential delay. This question cannot be an- 
swered from the results of previous observations, 
since all these were made using receivers with too 
large bandwidths. In detecting a signal that varies 
in frequency, the best bandwidth to use is roughly 
equal to the square root of the rate of change of fre- 
quency (Storey and Grierson [10]). Judging from 
the spectral characteristics of the type II bursts, 
the best frequency range in which to observe them 
on the fundamental would be 80 to 120 Me, and in 
this range their rate of change of frequency is 
usually about 1 Me’. 
the receiver should be about 1 ke. With so narrow 
a bandwidth, a fairly large antenna would be required 
to provide adequate sensitivity. 

If rapid fluctuations were observed, the next step 
would be to search for the anticipated correlation 





Hence the RF bandwidth off 
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between the fluctuations in harmonically related 
bands. The antenna would be connected to a pair) 
of receivers, one tuned to a fixed frequency in band 
80 to 120 Me, and the other to twice this frequency; | 
the high-frequency receiver should have an RF band- 7 
width double that of the low-frequency receiver (the 


criterion of rate of change of frequency would require|” 


< 


the bandwidth at the harmonic to be y2 times thal[ .;, 


at the fundamental, but this requirement is not al 
all critical, so it seems better to arrange that the 
limits of the two bands are related harmonically 
The outputs from the detectors of the two receiver!) 
would be recorded on magnetic tape, together wit! 
timing signals. If a particular section of tape wa 
identified as the record of a type IT burst, then thi- 


bof 
Hi 
Co 


Ay 





record would be played back at reduced speed, the] 
information on the two data tracks converted 7 
digital form, and the cross-correlogram of the twi¥ 
sets of fluctuations evaluated in a digital computer] 
In this way a search would be made for a correlatio7 
between the fluctuations observed in the two bands] 
and for a possible systematic time displacement thal} 
would give the best correlation. 


| 
svn 
sur! 
in { 


Dis 


If this search wert @y o, 


to prove successful, then the measurements woul 77, 


be extended to cover more than one pair of fre> 
quencies. There would be advantage to maan | 


these measurements in conjunction with recording %, 


on a panoramic radio spectrograph, which could b7 
used to identify the type II bursts. 
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culty that needs to be recognized. 








P siderably by advice from Dr. 
not ap 


lossibly the same techniques could be used to 
study other types of enhanced solar radiation. Thus 
the noise bursts of type III also exhibit harnionic 
structure (Wild, Murray, and Rowe [3]), but the rate 
of change of frequency is much faster, of the order of 
50 Me?; hence the receiver would need to have a 
rather larger RF bandwidth, about 7 ke, for recording 
these bursts. A further possibility is the study of 
noise storms. Though these disturbances are not 
localized in frequency at any one time, as are the 
bursts, but to the contrary are spread over a wide 
frequency band (Wild and Macready |1]), neverthe- 
| less they also may be generated by the same process 
involving nonlinear plasma oscillations. The differ- 
ence between the two kinds of disturbance may lie 
only in the nature of the excitation; a continuous 
stream of particles for the storm, as against a discrete 
bunch for the burst. If so, then there would be the 


}same grounds for expecting a delayed correlation 


between fluctuations of noise power in harmonically 
related bands; in this case, however, there is no way 
of telling in advance what RF bandwidth would be 
best for observing the correlation. I am indebted to 


'R.S. Lawrence for this suggestion. 
: DD 


In this work, there is one possible source of diffi- 
It is the presence 
of irregularities in the corona, which may cause the 
radiation to be propagated from the source to the 
earth by more than one path. Multipath propaga- 


‘ tion could give rise to rapid and severe fading that 
+ would 
frequency 


be correlated in harmonically related 
bands, and any correlated fluctuations 
might thus be masked. A similar difficulty has been 
met with already in an attempt to measure the 
electron density at great heights above the earth by 
observing the “dispersion of radar echoes from the 
moon (Eshleman, Gallagher, and Barthle [11]). 

However, it is hard to judge whether this factor will 
present a serious obstacle to the proposed studies. 


not 


I have been helped con- 
Constance S. Warwick 
of this Laboratory, and from Dr. G. Newkirk of the 
High Altitude Observatory of the University of 


In writing this paper, 


B Colorado. 


Appendix: Calculation of the Differential 





Delay 


li: calculating the differential delay, the following 
symbols will be used to refer to points, first, at the 


surface of the photosphere, and second, at some level 
Bn the corona: 

; Photosphere Corona 
Dis'ince from center of sun__--_ ro r 

BLoen! electron density__-.- -- oo N 
Low! plasma frequeney...----. J So 


« electron density in the corona will be assumed 


#0. pend on r only, according to the power law 


where 


R=r/ro (3) 
The plasma frequency f, is proportional to the 
square root of N, so its distribution is 


So=foh-™. 


By hypothesis, the oscillations that produce the 
noise emissions take place at the local plasma 
frequency; emissions of frequency f are produced 
at the level, r(f) say, where f,=f. The difference in 
the group de lay experienced by the fundamental of 
frequency f and the harmonic of frequency 2f, in 
traveling from this level out through the corona to 


the earth, i is 
| fu’ (f)—p’ (2f) dr 
T(sf) 


(4) 


AT(f)=I\/e (5) 


where ¢ is the speed of light, and y’ is the group 
refractive index. If magnetic fields are absent, 
will be assumed, then pu ’ de »~pends only on the relative 
values of the wave frequency and local plasma 
frequency, according to the law 


as 


uw’ (f)=(1—X)-2 (6) 
where 
a=(f Jf) (7) 
Along the path of the waves, the dimensionless 
quantity X varies from a value of unity at the source 
to zero at infinity. It is convenient to adopt XY as 
the variable of integration: 


dr 


AT(f)=Me | {u’(f)—p’ (2f) ( aX )ax 








N=N)R~° 


(1) 


“1 
ie | fm’ (f)—w’ (2f) ( —5) aX: (8 


The components of the integrand are obtained 
follows: first, from (6), 


we’ (f)—p’ (2f) =(1—X)-2— (1—X/4) -2 (9) 
Also, from (7), (4), and (3), 
dr lb ( 2/b » hoe (1+1/)) 
a) amd (fol f)?/°2 . (10) 
Hence the differential delay is 
AT(f)=Kf-?” (2) 
where 
- rofor” 7 
_— _ 1 
K ‘e I (11) 
and 


2—(1—.X/4)- 


2} X-A+VoGX, (12) 


I= [{a-X)- 








Now the factor AK must be evaluated. The con- 
stants are c=3 10° kmps, and 7>=7 X 10° km, while, 
from the data of Van de Hulst [5], 69 and fo~180 
Me. The integral J can be evaluated numerically, 
though with some difficulty, since one or other of the 
factors in the integrand becomes infinite at each limit. 
The result is that, when f is measured in megacycles, 


K=1, (1). 
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A Monochromatic Low-Latitude Aurora 
F. E. Roach and E. Marovich 


(May 28, 1959) 


A monochromatic (6300 A) auroral are occurred over Colorado on September 29/30, 


1957. 
France, on the same night. 


It seems to have been a continuation of a similar are observed at Haute Provence, 
Its intensity decreased during the night from about 7,000 


rayleighs to 2,000 rayleighs compared with a normal zenith intensity of 100 to 200 rayleighs. 
It was relatively fixed (geographically) during the night, south of and apparently independent 
of a visual aurora that was active to the north from 0100 to 0400 m.s.t. The magnetic dipole 
lines of foree from the are extend out into space between the two Van Allen radiation belts. 
It is speculated that the are may be associated with one of the belts. 


1. Introduction 


In a recent study of low-latitude auroral activity, 
Barbier [1]! has reported on observations at the 
Haute Provence Observatory (longitude 5°43’ E; 
latitude +48°56’; geomagnetic latitudé 45.9°). He 
found evidence for a “monochromatic” (6300 <A) 
aurora during 31 nights over the period from March 
10, 1956 to September 29, 1957. In general, these 
auroras were not conspicuous visually because of the 
relative insensitivity of the eve to the red. 

Barbier operates three different photometers at 
Haute Provence. One utilizes eight different filters 
and is fixed in orientation toward the celestial pole 
(with reference observations at the zenith). The 
other two cover the sky in almucantars, usually at a 
zenith distance of 75°. The almucantar sweeps show 
two distinct types of 6300 auroral activity: (1) a 
pronounced increase in brightness in the general 
northerly direction; and (2) an increase in brightness 
at two different azimuths—one a little north of west 
and the other a little north of east. The second type 
may be accompanied by an increase in the brightness 
at the celestial pole but not appreciably at the zenith. 
Barbier’s interpretation of these double maximums 
is that there is a 6300 are extending roughly from east 
to west across the sky, crossing the meridian some- 
where between the zenith and the northern horizon. 
On one of the four nights during which such an are 
as Observed at the Haute Provence Observatory 
(September 29/30, 1957), we obtained independent 
evidence at Fritz Peak (longitude 105°29’25’" W; 
itude 39°54'34’’ N; geomagnetic latitude 49°) 
that a similar 6300 sre occurred. We were ob- 
sving 6300 along the geographic meridian from 
hvizon to horizon and were not operating a 6300 
p otometer in almucantars. We did have 5577 
p otometers observing the sky in a series of almu- 
ec: itars both at Fritz Peak and at the Rapid City 
I. Y station (longitude 103°18’50’’ W; latitude 
4 01’ N; geomagnetic latitude 53°). 


= 


— 


igures in brackets indicate the literature references at the end of this paper. 





During the night a visual aurora was observed to 
the north of both American stations with a peak 
intensity at approximately 0215 m.s.t. A striking 
feature of the night was the isolation of a very 
pronounced maximum of intensity of 6300 near the 
zenith at Fritz Peak, as illustrated in figure 1. At 
the start of the night, the observer (L. R. Megill) 
noted that the 6300 records were off scale near the 
zenith and after moonset (2200 m.s.t.) he was con- 
vinced that an unusual event was occurring. The 
sensitivity of the photometer was reduced to keep 
the peak zenith deflection on scale. Visual inspec- 
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Meridian sweeps at Fritz Peak of 6300 and 5577 
at 2304 m.s.t. and 0152 m.s.t. 


Figure 1. 
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tion of the sky did not show any apparent zenith eo : 
brightening, which subsequently was explained as 
due to the fact that, in agreement with Barbier’s / 
interpretation, this was a monochromatic emission | _ 
(5577 for example showed no zenith enhancement | = 
at all) and, though physically bright (about 7,000 8 60 
rayleighs), was nevertheless below the visual thres- | & 
hold for red light.2 The usual zenith intensity of | ~ 
6300 is 100 to 200 rayleighs so that the observed are 40 
is some 50 times normal. 
From our observations alone, it is not possible to 20 A 
infer an are structure from the zenith enhancement | 
of 6300 in horizon to horizon sweeps in the meridian. 180200 220 240 260 280500 320 300 0 2 40 60 6 
But it is reasonable to assume such a structure LONGITUDE (E) 
= oR * records re arprete Y o . ‘ . > y 12 
- hen “— records are interpreted in the light of FicureE 3. Suggested extent of 6300 arc on Seplember 29/30, 
Barbier’s results. 1957. 
Shaded portions are actually observed at Haute Provence and Fritz Peak. 
2. Variation of the Peak Intensity with Time 
The 6300 are at Fritz Peak slowly decreased in 
intensity during the night. In figure 2, we show TABLE | 
the variation of the peak intensity of 6300 above the | ———— — — = 
background and, for comparison, the results of | Mountain| Position of | Intensity || Mountain | Position of | Intensity 
arhior s row _ f $ " standard | maximum— of maxi- standard | maximum-— | of maxi- 
Bar bier at Heute I i. ee We oe that he ond time |degrees south) mum | time degrees south} mum 
of the observing night at Haute Provence coincides | of zenith | | | of zenith 
almost exactly with the start at Fritz Peak. ae eee ee ee 
The physical picture suggested by these observa- ol = ane = ne = 
tions is that a 6390 are persisted in time over at least 2150 bis a (7460) 0046 | 4.5 3770 
: : 21! ‘| (7410 
12 hr and in space at least 110° in longitude or ap- 2006 |__ | (6850) 0054 | 1.5 | 3800 
Ree a eres eee oe | 0102 5.5 3710 
proximately one-third of the way around the world a 7 ‘an = | H pla 
(fig. 3). 2222 |. (6230) O118 | 7.0 3680 
2230 | 3.5 5430 0126 | 8.0 3710 
2238 | 3.0 5390 
2246 4.0 | 5390 0134 | 10.0 3710 
F er ee ae : pace ; | 0142 8.0 3550 
L 2254 | 5.5 | 5420 0150 | 14.0 3490 
6 7 2302 | 6.0 5290 0158 | 13.0 3160 
aery 2310 | 7.0 | 5120 0206 11.5 2980 
3 E AURORA) a 2318 | 6.5 | 5000 acd hes “ 
xr RAPID CITY (70°N) 2326 | 5.5 4810 0214 9.5 2800 
o | 0222 | 16.0 2420 
w i2 t- = 4] 2334 7.5 4690 0230 | 14.5 2510 
> Lz : 2342 5.5 4520 0238 14.0 2650 
= 10 -” 4 2350 | 5.5 | 4360 0246 10.5 2390 
A 2358 | 5.0 4300 
= aL 6300 0006 | 1.0 | 4260 (0254 15.0 2140 
x 8 N\ is “a 0302 13.0 2030 
2 ‘ AURORA (2) 0014 3.0 4140 0310 16.0 2020 
an See ne a 0022 4.0 4040 
= aN er nt Ne os —— 
a \ E = 
2 
4 Ww = 
1 1, 1 1 1 | at = 
2 = 2 fe) | 2 3 4 5 6 7 8 9 10 i z= qT | J q 1 
UNIVERSAL TIME b 
3 OF 7 
Fictre 2. Variation of intensity of the 6300 aurora at Haute | 2 
Provence and Fritz Peak on September 29/30, 1957. 2 
A localized northern aurora at Haute Provence is indicated between 22 and 2 B 
245 u.t. (Sept. 29) and at Rapid City, north of Fritz Peak, between 8 and 11" u.t. 4 5 "4 
(Sept. 30). = 
uw 
°o 
“s* . Ww 
3. Position of the Maximum Q !0F ‘ 
5 
We have measured the zenith distance of the | © 
maximum intensity on our records with the results | & '5F 4 
shown in table 1 (col. 2) and in figure 4. There isa | & N N l ! ! L al 
22 23 ° 2 
MS.T. 
‘ 2 head been our ata that 1,000 rayleighs i he antine Hee threshold 
or the green part of the spectrum. At 6300 A the threshold should be much ee on : mr . 2 ak ore 
higher con in the green since the dark-adapted eye is almost inert to the Jonger I {Gt RE 4. | arvation of position of the 6300 peak observed ct 
wavelengths. Fritz Peak during the night of September 29/30, 1957. 
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svstematic southerly movement from midnight to 
03°. If this is interpreted as a geographical move- 
nent ana if we assume an emission height of 300 km, 
the total geographical excursion of the photometric 
center of the are is only about 80 km, or less than 1° 
of latitude (corresponding to a change of zenith 
distance from 1° $8 to 16° S). Between midnight 
and 03", the mean speed of movement was about 6.5 
m/sec and again assuming a 300-km height. 

The center of the are in Colorado was within 
of the geomagnetic latitude of Fritz Peak (49°) 
during the entire night. If the center of the are at 
Haute Provence was at a northerly zenith distance 
of about 50°, it would be about 3° north of Haute 
Provence (®=46°) or also at a geomagnetic latitude 
of 49°. 

The southern migration of the peak may be the 
result of the fact that the northern side of the photo- 
metric curve steadily moves southward. The 
southern side seems to remain constant. The 
result is an apparent movement of the peak (fig. 5). 
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higtre 5. Evelution of the 6300 arc at Fritz Peak during the 


night of September 29/30, 1957. 


4. Width of the Arc 


The southern and northern extremes of the are are 
fairly well defined on the records; hence, the extreme 
width of the are can be estimated. If the height is 
fixed at 300 km, the mean width is 800 km. The 
half-intensity width is about 250 km. Barbier 
e-timated the are in France to have an extension of 
2 out 500 km. In section 7 we suggest however 
tat there is a significant extension in height in 
\ iich case these width estimates are too high. 


© Is the 6300 Arc Associated With the 
Northerly Aurora? 

"here was a well-defined aurora (which we shall 

« signate Aurora (2)) near the northern horizon at 


| th Haute Provence and Fritz Peak during the 


515090-—59——_-4 





night in question as indicated in figure 1. So far as 
the intensity of the 6300 are is concerned, there is 
no evidence at either station that it is influenced by 
the coincident northern aurora. The northern (5577) 
aurora peaks beyond the extreme (z=80°) obser- 
ration at Rapid City which places it at least 470 
km or 4.2° to the north. This corresponds to 
@=57°. The two phenomena are thus separated 
by at least 8° of latitude (+900 km.) 

Although the center of Aurora (2) in America is 
well to the north of even the northern extreme of 
the red are, it is possibly significant that the southern 
edge of Aurora (2) is very close to the northern 
edge of the red are (see fig. 6). The occurrence of 
the two phenomena on the same night and with their 
edges almost touching (geographically) suggests that 
there may be some connection between them. How- 
ever, there is no definite evidence favoring any 
relationship and, as Barbier has indicated, “the 


evolution of the are is not at all influenced by the 
concomitant 


presence of another auroral phe- 


nomenon.”’ 
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Ficure 6. Relationship of the 6300 arc to the visual aurora. 


The shaded region is the 6300 are and the L L symbols indicate the south- 
ern extension of the visual aurora. 


That the 6300 monochromatic auroras at Haute 
Provence are positively correlated with geomagnetic 
activity is shown by Barbier. However, he calls 
attention to the fact that at Tamanrasset (longitude 
5° 32’ E; latitude +22° 47’; geomagnetic latitude 
+25.3°) there are many irregularities in the 6300 
intensity. In the course of 2 or 3 hr, an increase 
by as much as a factor of 10 may occur. These are 
similar to, but much larger than, the variations 
which accompany the auroras at Haute Provence, 
but they occur more frequently and have no relation- 
ship to magnetic activity. 
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According to Chapman [2] who has made a study 
of the occurrence of tropical auroras, their color is 
often conspicuously red. On one occasion (February 
14, 1848) an aurora was observed in India at a 
geomagnetic latitude of +13° at a time when there 
was no outstanding magnetic activity and no world- 
wide auroral display. We raise the question whether 
the tropical auroras (India, Tamanrasset) and the 
detached 6300 ares, as observed at Haute Provence 
and Fritz Peak on September 29/30, 1957, may be 
similar phenomena. 


6. A Possible Double-Aurora Mechanism 


The narrowness of the 6300 are suggests an analogy 
with localized features of the aurora. It is therefore 
of interest to consider it in relationship to the earth’s 
magnetic field. In figure 7 we show an extension of 
the magnetic dipole lines of force for 6=48.5°+3.0° 
from the earth’s surface out into space (region B). 
The two regions of concentrated radiation reported 
by Van Allen, MelIlwain, and Ludwig [3} (A and C) 
are also shown, along with the magnetic line of force 
corresponding to the auroral zone (®©=67°). It is 
noted that the region B bears the same relationship 
to Aas D to C. This suggests the possibility that 
the inner region of ionization (A) may be responsible 
for our 6300 are and the outer region (C) for the 
more northerly aurora. If region C received an 
energy surge simultaneously with A then the obser- 
vations indicate that the release in the auroral zone 
was more sharply dependent on local time than that 
producing the 6300 are. 














FIGURE 7. 
corresponding to the terrestrial position of the 6300 arc. 


The eatension of the magnetic dipole field lines (B) 


(A) and (C) are the Van Allen regions of enhanced ionization. D is the exten- 


sion of the dipole line of force for the auroral zone (®=67°). 


The rate of decrease of intensity, J, noted by 


Barbier at Haute Provence is about twice that 
observed at Fritz Peak. Defining a by 

_—d log, I 

“it dt : 
he found a=1.1X10-* see-'. We find for Fritz 


Peak a~0.6X10~* sec". The rate of decrease of 
6300 during the night under nonauroral conditions 
is comparable [4] with a=0.4X107* secu. 





7. Photometric Asymmetry of the Arc 


A characteristic of the are as observed at Fritz 
Peak is that the southern edge is steeper than the 
northern. This is the sort of effect that could be 
expected if, in addition to an extension in latitude, 
there is a significant extension along the magnetic 
lines of force as shown in figure 8. In both of the 
models shown in figure 8, the maximum contribution 
to the brightness is assumed to occur at a height of 
300 km. In (a) the are is shown with an extension 
in both altitude, (from 120 to 500 km) along the 
geomagnetic lines of force, and latitude (240 km), 
In (b) a thin layer (50 km) is assumed with a hori- 
zontal extension of 560 km. 
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peak intensity 10° S, (b) southern extreme at 40° S, ond (¢) 
northern extreme at 60° N. 


8. Conclusion 


We have made a preliminary examination of our 
records for similar monochromatic auroras on other 
occasions. On at least three other nights (Septem)er 
21/22, September 22/23, and September 30/Octobe: 1, 
all in 1957), we have noted a considerable 6:500 
activity at Fritz Peak. There is evidence that ‘he 
6300 emission was significantly independent of 577 
on all these dates. 
also active nights (6300) at Haute Provence. 
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At Rapid City, we have also noted cases of a 6300 
are apparently detached from and to the south of 
the aurora proper. An outstanding example of this 
was October 22/23, 1958, a night which is currently 
under study by us. 

[t is not known whether 6300 ares occur as a 
general or as a sporadic fringe on the equatorial side 
of prominent visual auroras. Barbier [1] has made 
a statistical study of 6300 auroras at Haute Provence 
and finds that they occur during 9.8 percent of the 
observing time. Of 31 nights included in his list, 
four are listed as showing well-defined ‘‘ares.”” Thus, 
distinct ares occurred during approximately 4/31 
981.3 percent of the observing time. According 
to Vestine [5], auroras at a latitude (geomagnetic) of 
46° are visible 1.5 percent of the time. Thus, it is 
not unreasonable to hypothesize that isolated 6300 
ares are a general fringe feature of auroras. If 
indeed this is the case, a reexamination is in order of 
all auroral theories based on the assumption of a 
narrow, well-defined auroral zone. 
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Pattern Synthesis for Slotted-Cylinder Antennas* 


James R. Wait and James Householder 


(June 11, 1959) 


The radiation from a cylinder excited by an array of axial slots is discussed. 


A pro- 


cedure for synethesizing a given radiation pattern is developed with particular attention 


being paid to a Tchebyscheff-type pattern. 


Specifying the side lobe level and the width 


of the main beam, the required source distributions are computed for a number of cases. 
The effect of using a finite number of slot elements to approximate the continuous source 


distribution is also considered. 


1. Introduction 


It is the purpose of this communication to discuss 
the synthesis of radiation patterns for antennas of 
slotted-eylinder type. The particular model em- 
ployed is a metallic cylinder of infinite length and 
perfect conductivity. The cylinder is to be energized 
by an array of slots of rectangular shape which are 
oriented in the axial direction and disposed around 
the circumference. Each slot is to be energized in 
such a way that the tangential field in the slot has 
only a transverse component. The radiation field 
of such a slot on an infinite cylinder is plane polarized. 
Furthermore, the idealization of an infinitely long 
evlinder is not overly restrictive since the surface 
currents excited by the axial slot are very similar to 
what they would be on a finite cylinder. This con- 
jecture is substantiated by experimental data on the 
conductance of axial slots on finite cylinders [1].’ 


2. Basic Pattern Function 


Choosing a cylindrical coordinate system (p, ¢, 2), 
the cylinder is defined by p=a. Since attention is 
only confined to the azimuthal or ¢ behavior, it is only 
necessary to specify the ¢@ variation of the field in the 
axial slot. For example, if the slot width extends 
from @, to @, the azimuthal radiation pattern 
A/* (x, ¢) was shown to be given by [1] 


1 co = pimm /2 cos m é y— j 


=— Sar 
iwL m=0 ae ) 


where H®’(r) is the derivative with respect to x of 
tl» Hankel function of order m, J, is the Bessel func- 
tion of order zero, k-=27/wavelength, z=ka sin @, 
€ 1, €m=2 (m0), and @ is the angle subtended by 
(| evlinder or z axis and the direction to the observer 
(i; e., the usual polar angle in spherical coordinates). 


he research reported in this paper was sponsored, in part, by the U.S. Air 
Fi 4 Cambridge Research Center under Contract CSO and A 58-40. 
 igures in brackets indicate the literature references at the end of this paper. 





The above form for the pattern 1* (2, ¢) is strictly 
valid only when the field / in the slot is 


E's(¢o) = Vey) 


ae (2) 
amy (A/2)°—¢% 


(A o2— 91), 


where \ (z,) is the voltage across the slot at 2=7. 
The field approaches infinity as the inverse square 
root of the distance to the edge of the slot. Such a 
behavior is characteristic of the field in the vicinity 
of a perfectly conducting knife edge. 

The amplitude and normalized phase @ [=phase 
M* (x2, ¢)—x cos ¢] of the quantity M*(z, ¢) is cal- 
culated for a series of values of x and ¢.—¢,. These 
are listed in tables 1 and 2 for x equal to 3 and 5, 
respectively, and ¢.—¢, varying from 0° to 30°. 
For the smaller cylinder, it is seen that the effect of 
widening the slot (for a given voltage) is small. For 
the larger cylinders, the effect is becoming more 
significant although if the angular slot width is also 
less than 10°, the pattern is indistinguishable from 
that of zero width. 

It should be emphasized that these £-plane 
patterns characterize only the azimuthal dependence 
of the radiation field for a given value of «(=ka sin @). 
The elevation patterns or /7 plane pattern of such an 
axial slot requires that the longitudinal distribution 
of voltage along the slot be specified [1]. 


3. General Array Synthesis 


By superimposing the patterns of individual axial 
slots arranged circumferentially around the cylinder, 
various forms of patterns can be obtained. The 
problem sometimes arises that a pattern is specified 
and the manner of excitation must be determined. 
This is described as synthesis. Some elegant pro- 
cedures have been developed for linear arrays and 
these have been described extensively in the litera- 
ture [2 through 5]. When the antennas are disposed 
around circular arcs, the techniques [6] are not so 
straightforward, particularly if diffraction is involved. 
An example falling in this category will be considered 
in what follows. 
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TABLE 14 


(From reference [7]) 























r=3 
: “ 
|M*(z, )| (deg) 
g2— $1 paleteiciiaeliomtacoesdig =. ee ee Reo en 
| | 
eons) ap <) Sap | 0 te 30 
¢= 0 0.959 0.957 0.955 | 6.9 5.7 | 4.2 
10 . 956 | .953 | 948 | 7.1 5.9 4.5 
20 . 946 . 937 | . 926 | 7 6.6 | 5.2 
30 927 :909 | 1888 | 8.4 7.4 | 6.2 
40 . 895 . 869 | on 8.9 8.1 | 7:2 
50 | . 859 soa | . 783 | 8.8 | 8.2 | 1.7 
60 | . 825 . 782 | 731 | 8.0 7.9 | 8.0 
70 | . 794 . 743 | . 684 | 7.4 8.0 | a7 
80]; .747 691 | 626 | 7:3 8.8 10.2 
90 . 664 609 | . 545 | 7.6 9.0 11.0 
100 . 561 .512 | . 455 | 3.2 5.0 | 7.5 
110 . 482 . 445 | . 395 | —7.0 | —5.1 | —2.0 
120 | . 470 . 428 | . 379 | —18.1 | —15.4 —11.7 
130 | 444 404). 358 | —23.5 | —20.4 —16.1 
140 . 349 . 320 | . 283 | —28.7 —23.9 —19.2 
150 . 206 . 187 . 166 | —43.5 —40.0 | —35.2 
160 .155 . 142 .126}  —105.0 —101.7 —97.0 
170 . 259 237 | 211} = —137.0 —133. 5 —128.6 
180 312 | . 285 | 254 | —142.1 —138. 5 | —133.6 
| | 
« All angles are shown in degrees. 
TABLE 28 
(From reference [7] 
r=5 
|M *(z, &)| | (deg) 
g2— 91 poe are ere ae en 
o | 0» | 2 | 3 | o | 1 | 2@ | 20 
22k SE ESR ATE BNO ERE eS ee 
o= 0} 0.981} 0.980) 0.979] 0.979) 49) 45) 28] O2 
10) 97 | 976) 970} 960) 5.1) 4.7) 3.0] 5 
20} .966/ .963/ .945/ .918 5.1 | 5.1] 3.5 L? 
30| :951| 944) [908/ :855/ 58] 55] 41) 2.3 
40| 936) 924) 865) .782) 6.1 5.9 5.0] 3.8 
| | | 
50} .914/ .899/ .815| 701 | 7.0} 69 6.4) 6.2 
60} .865|) .844) .745/ .610| 7.9 7.9) 80] 87 
70| .804| .781| .672| .527 | 7.0 | 7.1 | ze | 10.1 
g0| .757| .732| .615| .462/ 5.5/ 58] 7.6] 116 
90} [681] .656 | | -32) 50) 54) 80} 137 
} | | | 
100| .570| .548/ .447/ .318| —0.6 | o | 34] 105 
110} .513} .493| .400| .282) -11.3/ -105]} -62) 27 
120} .452| .434| .350/ .245| —-17.5] -166|] 11.6] -—1.3 
130} .318| .306| .246/ .172| —32.7]) —31.8| —264|/ —15.3 
140 | .288| .277/ .224|) .158| —68.0 |} 67.0} —61.4| —49. 
| | { | 
150| .293] .281| .228] .162| —828| —81.7| —757| —68.5 
160) .147 | 1141} «114 | 082 | 99.7 | —98.8 | —92.6 | —77.0 
170 142| 1137/ :112) [030 | —205.2 | —204.0 | —198.0 | —185.7 
180} .241| .232|} .189| .135 | —219.3 | —218.2 | —212.1 | —199.6 
* All angles are shown in degrees, 
The cylinder is now to have P axial slots equi- 


of the cylinder as 


spaced around a circumference 
The individual slot 


illustrated in figures la and 1b. 
elements are centered at 


ap 
r 
The quantity L(¢,) is used to describe the relative 


excitation of each element. Therefore, the resultant 
azimuthal pattern of the array is 


¢=¢,= where p=0,1,2.. . P—1. 


— P-1 
M@=2 SX L@,)M*@—4,) (3a) 
2m p=0,1,2... ; 


304 








Obser ver 





FiGuRE 1b. Cross section of 


FiacurE la. The azial slot- 
the cylinder. 


ted-cylinder array. 


where M*(¢—¢,) is the pattern of the individual 
elements of the array. (The factor 1/27 is included 
for convenience in_what follows.) Now when P is 
sufficiently large, M(¢) can be approximated by an 
integral so that p is then regarded as a continuous 


variable. This leads to 
‘ane 1 (2 
Me) = |, L(by)M*($—¢,)dy. (3b) 
It is now assumed that the excitation function 


L(@,) is expressible as a Fourier series in the manner 


+o 
L($))= >. Lye!*y (4) 


n=—©@ 


where the sum is over all integral values of n (in- 
cluding positive and negative integers). It is also 
assumed that the width of the individual slots is 
very small and therefore 


ut 1 +a eit /2 pim(o— dp) 5 
M"(¢—$p) =—— na. H®"(a) 5) 
which follows directly from eq(1). Inserting these 
expressions for L(¢,) and M*(¢—@,) into eq(3b) 
leads to 

1 +o Lary 


M@¢)=— D 


nt (6) 

Wimere H?’(z) 
Having the pattern expressed in this form enables a 
synthesis procedure to be directly applied. Because 
of orthogonality 


ax 
Lm 


*2r, 
e7 imr/2 H®’ (zx) | M(¢) e~ '™*de (7) 
0 
which, when inserted into eq(4), enables L(¢,) to be 
determined and is the excitation required to produce 
the pattern M(¢). In a formal sense, any pattern 
M(¢) could be specified, however directive, and 4 
corresponding function L(¢,) could be determined. 
From a practical standpoint, there is a limitation 
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when M( (¢) becomes very directive since then 
Lidp) varies very rapidly in both amplitude and 
piiase and leads to a complicated procedure for 
feeding the array. Furthermore, small errors in the 
excitation of the elements lead to a large ee 
of the pattern. 

A different approach to the synthesis problem is to 
utilize the remarkable properties of the Tchebyscheff 
polynomials. These polynomials are particularly 
appropriate when the pattern is to have side lobes of 
specified and equal amplitude. As shown by Dolph 
(2] and others [3, 4, 5, 6], the resultant design is an 
optimum one for a leaner array of discrete elements. 
In the case of a circular array, a similar procedure 

can be adopted as follows: 

The Tchebyscheff polynomial of order N is defined 
by 

Ty(z)=cos (N are cos 2), 2S 1, 


(8) 


In order to utilize the optimum properties of the poly- 
nomial, the following transformation is introduced 


=cosh (N are cosh 2), 2>1. 


z=a cos ¢+5, 


where a and b are constants. Now ¢=0 and z=2, 
are to correspond to the direction of the main beam. 
In fact, as ¢ varies from 0 to 27, 2 is to vary from 
2, to —1 back to z,. Therefore 








q— et! and i. 


— . 


As shown by Duhamel [5], 


Ty(a cos ¢+6)= yor cos n¢, 


n=0 


(9) 


where CY are functions of a and b. For example, 


when N=4, they are given by 
Cé=1—8b?+ 86!+2402b?+- 3a'— 4a? 
Ci=— 16ab+-32ab?+ 240°) 
Ch= —4¢?+2400?+-4a! 
C'4=8a°d 


Ci=<¢ 


(10) 


and for N=6, they are given by 


('}=—1+4 18b?—486*+-326°+ 9a?— 144b?a? 
+2406‘a?— 18a*+- 180b?a*-+ 10a® 


( $=36ba—1926%a+- 192b'a— 144ba° + 4806%a' + 120ba5 
$= 9a?— 14462? + 240b*a? —24a*+ 240b?a‘+-15a® 
5=—48ba'+ 1606%a?+ 60ba* 
§=—6a'+ 606%a*+ 6a® 
$= 12ba* 


; = a’, 





The next step is to equate the Tchebyscheff pattern 
to the general form of the slotted cylinder pattern 
given by eq (6). Thus 


L,e*""” cos md 
Hf’ (2) 





>> = (11) 


WL m= 


Ty(a cos ¢+6)=- 


This enables the coefficients L,, to be specified in 
terms of the coefficients CX as follows 


Calg iene” “"ACZHD’ (2) for m SN, 


a=) for m>N. (12) 
The corresponding excitation is then given by 
ao 
L (by) = D5 €mLim COS Mgp. (13) 
m=0 


It is thus possible to produce a Tchebyscheff type 
of pattern from a distribution of axial slots around a 
circular cylinder. As shown below, either the side- 
lobe level or the first null can be specified by a proper 
choice of z.. For a constant side-lobe level, the beam 
width is decreased by increasing the order of the 
polynomial. 


The nulls of 7y(z) occur when 


2k—1 
2N 


are COS 2;= 


) x k=1,2,3 Tee 


and the nulls in the @ domain are thus 


cos [ en—1 ) sy |? 


= +are cos . ,A=1,2.. 


oN. 
(14) 





On the other hand, the center of the lobes occur at 
¢=¢; which is a solution of 


dTy(a cos ¢+6)/do=0. 
These are given by 
kr 
cos =>—)b 


N 


$= tare cos ae eae (15) 


When the ratio of the side lobe to the main beam is 
B then 


Ty (20) =B (16) 


since 


The quantity B thus specifies 2 2, which in turn deter- 
mines a, 6, ¢ and ¢; for a given value of N. The 
required excitation L(¢,) actually is a continuous 
function. From a practical standpoint, the number 
of elements must be finite. It would be expected, 
however, if the separation between the elements is 
small compared to the wavelength, the actual pat- 
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tern would not differ appreciably from the Tcheby- 
scheff pattern. This conjecture is verified by actu- 
ally computing the pattern for a finite number of 
equispaced slots disposed around the cylinder. For 
example, the polynomial 7'y (a cos ¢+5) is to be com- 
pared with the function 


M(¢)=; >> (17) 


p=0,1,2... 


L(¢,)M*(¢—¢,) 


with P being a finite integer. In this case, the spac- 
ing between “the axial slots is 2ra/P. In spite of the 
fact that the spacing is finite, the 7 (¢) pattern is 
quite close to the ideal Ty pattern as indicated i 
the following results. 









4. Presentation of Numerical Results 


The theoretical basis of the synthesis procedure 
has been outlined in the previous section. Here 
numerical results are presented for certain specific 
cases which illustrate the interrelation between the 
parameters of the problem. 

The basic patterns used are illustrated in figure 
2a and 2b. They are derived from the 7, and 7, 
polynomials, respectively. The quantity PB, which 
is the (voltage) ratio of the major lobe to the minor 
lobe, is taken as 5, 10, 15, and 20 for the two cases. 
It is seen that for a given polynomial the beam is 
broadened as the side-lobe level is reduced. Conse- 
quently, if for a given side-lobe level, one wishes to 
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Ficure 11. 


This fact is illustrated by noting 
at the beam width is narrower for the 7, poly- 


RB, 
The curves shown in figure 3a, 3b, 3c to figure 10a, 
b, 10e, inelusive, are plots of the amplitude and 
ase of the excitation function L(¢,). The abscis- 
are the azimuthal coordinates ¢, expressed in 
erees. On each figure is listed the revelant value 
the order N of the Tchebyscheff polynomial, the 
ratio BR and cylinder parameter 2. 
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100 120 
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| M(¢)| compared with |Tn(z)|. 


It should be noted that the quantity x, which is 
ka sin 6, is fixed for each set of curves. In the equa- 
torial plane (i.e., 6=90°) 2 becomes equal to ka 
which is the circumference of the cylinder in wave- 
lengths. 

In figure 7a (for 2=8) it is noted that the excita- 
tion amplitude is varying in a very pronounced 
manner. Here, although the diameter of the cyl- 
inder is only about one-half wavelength, the main 
beam width is less than 32°. In figure 7b (for s=5) 
and figure 7¢ (for s=8), the oscillatory nature of the 
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Pattern comparison for various assumptions. 


excitation is less evident. 


The following sequence 





of figures for the larger B values show a similar trend. 

In nearly every case shown in figure 3a to figure 
10c, the phase of the excitation increases as ¢, 
ranges from 0° to 180°. When the amplitude is 
rapidly varying such as in figure 7a the phase in- 
creases almost abruptly by 7 radians (or 180°) 
near each minimum in the amplitude. There are 
several seemingly anomalous cases (fig. 7c, for ex- 
ample) where the z radian phase jump is down rather 
than up. 





5. Effect of Using Discrete Sources 


The excitation functions presented above are 
really descriptions of continuous source distribu- 
tions. In a practical scheme it is usually necessary 
to approximate these by an array of discrete sources. 
As mentioned above, this is to be accomplished by 
an array of thin axial slots disposed uniformly around 
the circumference of the cylinder. In figure 11a is 
shown the pattern \M ()| calculated from eq 
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using 36 slots to approximate the continuous 
source distribution given by figure 6b. These 
calculated points lie virtually on top of the ideal 
Tchebyscheff (7) pattern. The apparent coinci- 
dence of the calculated and the ideal patterns is not 
surprising since the separation between the discrete 
sources is only Me of a wavelength, and thus the 
excitation is virtually a continuous one. A similar 
set of calculations are shown in figure 11b where 
the source distribution of figure 10c¢ is approximated 
by both 18 and 36 discrete elements. There now 
appears to be some notable departures from the 
ideal Tehebyscheff pattern, particularly in the case 
for 18 elements where the side lobes are increased. 
In both cases, however, the main beam is preserved. 
In these two cases, the separation between the ele- 
ments is % and 4 of a wavelength, so the degradation 
of pattern is not unexpected. 

On examining some of the excitation functions 
(for example, fig. 6b), it is seen that on the rear half 
of the cylinder, the amplitude |Z(¢,)| is less than 
10 percent of the maximum at ¢,=0. As a matter 
of interest, the function M (¢) was computed using 
eq (17) again, but now approximating L(¢,) by 
discrete sources located only on a front portion of 
the evlinder (i. e., {¢,| <80°). Such results are 
shown in figure 12a for angular intervals between 
the slots of 10° and 20°. The computed pattern M (¢) 
bears only a slight resemblance to the ideal 7, 
pattern which would be closely simulated if the 
slots extended right around to the back of the 
evlinder. Similar calculations are shown in figure 
12b where the excitation function shown in figure 
10c is approximated by discrete:sources on the front 
portion of the cylinder. Here again the pattern is 
considerably degraded from the ideal 7; pattern 
although the increase of the side-lobe level may be 
tolerated for certain applicatioas. 


(li 


6. Concluding Remarks 


It can be seen from the above curves that, in 
principle, any pattern may be obtained if the exci- 





tation function or source distribution is specified 
in a certain way. Unfortunately, if narrow main 
beams are desired, the cylinder must be sufficiently 
large, otherwise very complicated excitation funec- 
tions are required. 

It appears that usually the continuous excitation 
or source function L (¢,) can be approximated by 
discrete sources (i.e., narrow axial slots) if the sepa- 
ration is less than about d/8. However, the rapidly 
varying excitation functions associated with small 
cylinders and narrow beams would require smaller 
spacing between the source elements. 
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Note added in proof: 

A closely related problem has been studied by Adolf Giger 
in On the Construction of Antenna Arrays with Prescribed 
Radiation Patterns, doctoral thesis, Technischen Hochschule, 
Zurich, 1956. This was brought to our attention recently by 
Prof. Franz Tank. 


Bou.pEr, Coto. (Paper 63D3-—27) 
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Central Radio Propagation Laboratory Exponential 
Reference Atmosphere 
B. R. Bean and G. D. Thayer 


(June 11, 1959) 


The background and development of an exponential model of atmospheric radio re- 


fractivity, the “C.R.P.L. Exponential Reference Atmosphere” 


is outlined. A set of ray 


tracings for the model is presented in the form of tables of refraction variables for the com- 


plete range of observed values of surface refractive index. 
curacy of the ray tracing and tabulation methods is made for these tables. 


A detailed analysis of the ac- 
The variables 


are presented as numbers between one and ten multiplied by the appropriate power of ten, 


thus maintaining a maximum number of significant figures. 


The tables may be used for the 


solution of practical refraction problems involving elevation angle errors, range errors, and 


similar quantities. 


1. Introduction 


Some exponential models of atmospheric radio 
refractivity have been introduced. recently to replace 
the standard 4/3 earth treatment for applications 
involving long-range transmission paths, forward 
scatter predictions, or radar tracking at high alti- 
tudes [1, 2, 3, 4, 5, 6,].2. One of these models, devel- 
oped at the Central Radio Propagation Laboratory 
and called the “C.R.P.L. Exponential Reference 
Atmosphere” has been adopted for use by the Na- 
tional Bureau of Standards in predictions of refrac- 
tion phenomena. 

In the Monograph the background of the ex- 
ponential reference atmosphere is outlined and a set 
of radio ray tracings presented. The ray tracings 
may be used for the solution of many problems in- 
volving refraction. 


2. Background 


In dealing with refraction problems it is convenient 
to use the radio refractivity defined by 


N=(n—1) X10° 


rather than the radio refractive index, n. The basic 
predictor of refraction effects used in the exponential 
reference atmosphere is the surface value of refrac- 
tiv'ty at the transmitting point, N,. The reasons 
for this become clear upon examination of the normal, 
or .verage, vertical N-structure of the atmosphere. 
here is an observed high correlation between the 
mewn value of AN, the drop in N from the surface 


to . height of 1 km, and mean value of N,. This is 
ex ressed by 
—AN=7.32 exp {0.005577 N,} (1) 


gest of NBS Monograph (in press). 
ures in brackets indicate the literature references at the end of this paper. 





which has been derived from 6 vr means for 45 U.S 
weather stations representing all types of climatic 
conditions encountered in the United States. Thus 
it is evident that on the average the decay of N 
with height may be expressed as a function of the 
surface value of N, at least over the lower portion 
of the earth’s atmosphere which is the critical portion 
when considering refraction effects. 

It is also found that the average refractivity strue- 
ture of the atmosphere follows a nearly exponential 
decay with height, the value of N becoming in- 
significantly small at altitudes over 50 km. 

For these reasons the exponential reference at- 
mosphere was defined as that family of exponential 
refractivity profiles where the rate of N decay with 
height is uniquely specified by the value of N, in 
accordance with eq (1). The exponential reference 
atmosphere is thus represented by the following set of 
equations: 


N=N, exp {—ce,h} 
c,=In {N,/(N;+4N)} 
with AN determined from (1) above. 


It is found that several important advantages 
accrue from this particular choice of model, among 
which are: 

1. The N-profiles involved prove to be a fairly 
good representation of average N-structure over the 
first 3 km above the surface, a critical range for re- 
fraction effects at low angles to the horizon. 

2. The resulting relationship between the N- 
gradient near the surface and N, is found to be very 
close to the observed average relationship being 
within +3 percent over the normally encountered 
range of NV, (from 300 to 365 for sea level, temperate 
zone stations). 

3. The resulting profiles and their associated 
gradients are continuous functions of height and 
are in reasonably good agreement with the actual 
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observed refractivity at all heights below the 
ionosphere. 

An illustration of the effectiveness of the expo- 
nential reference atmosphere in predicting average 
refraction effects is given by figure 1, where values 
of angular ray bending are plotted against height 
for rays starting at zero elevation angle. The agree- 
ment hetween the average bending for 22 climatically 
diverse conditions and the average of the values pre- 
dicted for each climatic condition by the exponential 
reference atmosphere is seen to be quite good, par- 
ticularly as regards the form of the 7 versus height 
curve. Note, however, that the bending versus 
height predicted by the 4/3 earth model is markedly 
in disagreement with the observed values for most 
heights. 
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Figure 1. Comparisons of long-term mean bending with 
(a) the average of the values predicted by the appropriate 
exponential reference atmospheres and with (b) those predicted 
for the 4/3 earth’s atmosphere. 


The preceding material is intended only as a back- 
ground for the development of the exponential ref- 
erence atmosphere; a more detailed treatment may 
be found in reference [5]. 

The remainder of the Monograph is devoted to a 
detailed analysis of the ray-tracing theory used to 
calculate refraction variables for the exponential 
reference atmosphere, together with an analysis of 
the actual method of calculation. The extensive 
tables of refraction variables are presented in an 
appendix to the Monograph. 


3. Tables of the Exponential Reference 
Atmosphere 


The tables of refraction variables for the “Expo- 
nential Reference Atmosphere”’ are presented in the 
form of ray tracings for profiles with N,=200.0, 
252.9, 289.0, 313.0, 344.5, 377.2, 404.9, and 450.0. 
The uneven values of N, (252.9, 344.5, 377.2, 404.9) 
were chosen to have even values of AN (30.0, 50.0, 
60.0, 70.0). The ray tracings are presented for 
initial elevation angles of 0, 0.5, 1, 2, 4, 8, 15, 30, 65, 
100, 200, 400, and 900 milliradians, the refraction 
variables being tabulated at constant heights (of 
the ray path above the surface) consisting of 0.01, 
0.02, 0.05, 0.1, 0.2, 0.305 (1,000 ft), 0.5, 0.7, 1.0, 
1.524 (3,000 ft), 2.0, 3.048 (10,000 ft), 5.0, 7.0, 10.0, 





20.0, 30.48 (100,000 ft), 50.0, 70.0, 90.0, 110.0, 225.9, 
350.0, and 475.0 km. Thus there are 104 ray trae. 
ings, each tabulated at 24 heights. 

The following refraction variables are tabulate) 
at each height: the local elevation angle, 6; the dis. 
tance, d, subtended on the earth’s surface by the 
ray path from a height of zero to the tabulated height: 
the angular ray bending, 7; the elevation angle error 
e; the slant range, R,, (straight line distance fron 
origin to the point on the ray path being considered): 
the range error, AR, (the difference between the geo- 
metric length of the curved ray path, R= SdR, and 
the slant range); the radar range error, AR,, (the 
difference between the electrical ray path, R,- 
JSndR, and the slant range); Ah, the differenc 
between the tabulated height and the height of , 
ray calculated with the 4/3 earth assumption at th 
same distance along the earth’s surface; and Adé, the 
difference between 6 for the exponential reference 


atmosphere and @ for the 4/3 earth ray at the same 


height. All entries are given in a form of floating 
point notation where all numbers are between 1 and 
10 multiplied by the appropriate power of 10, and 
the number +N.NX10*” is printed as +N.N+m 
where the second sign is the sign of the exponen( 
of ten. 

Four refraction quantities which are not liste 
can be easily obtained from the tables: the angulai 
distance subtended by the ray path at the center of 
the earth, ¢=(d/r,) where 7, is the assumed radius of 
the earth at the ray path origin; the difference 
between the elevation angle of the ray path and the 
elevation angle of the slant range “‘path’’, 6=7—« 
the geometric ray path length, R=R,+AR; the 
electrical ray path length, R,=R,+AR,. 

The elevation angles given in the tables are subjec 
to a maximum error of +0.00005 mr; the values of 
7 and ¢ are subject to a maximum error of +0.00! 


mr; the values of the different ranges and rang} 
? £ e 


errors are subject to a maximum error of +5 m, 
in particular the range errors are assumed to have 
a maximum error of +0.5 percent or +0.1 m, whiecl 
ever is larger. 

An example of the refraction tables contained i! 
the appendix to the Monograph is given in the 
following table for the N,=313 profile, @=0 (31 
is the average value of N, determined from near 
two million weather observations taken at 45 differen! 
weather stations throughout the United States). 

As an example of the calculation of the fou 
unlisted quantities previously mentioned, one obtains 
for the height of 1 km: 


d__ 133.073 ue 
= =5373,.2084 — 0-0208800 radian 
6 =7r—e=5.71671—2.9263=2.7904 mr 


R =R,+AR=133.08495 + 0.00018 = 133.08513 km 


R,=R,+AR,.=133.08495 + 0.03993 = 133.12488 han. ff 
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29.0, & TABLE 1. Example of tabulated refraction variables for 0,=0 and N,=313 
trac. & a E 




















F Sur- Init Height Delta HT Theta Delta, Distance Tau Error Slant range Delta R | Delta 
lated face N | theta theta angle R-E 
“dis. . . : eons gece 
the 313.0 0.0 0.010 1. 49613 7.6990-2 | ,1.33678 1 | 6.01363-1 | 3.0068-1 | 1.3367819 1 | 0.000 4. 181-3 
_ uN 313.0 .0 . 020 2.11617 1.0849-1 | 1. 8.50046-1 | 4.2516-1 | 1.8904449 1) 1.000-6 5.912-3 
ight: 313.0 .0 . 053 3. 34743 1.6960-1 | 2 1. 6.7171-1 | 2.9886667 1 3.000-6 | 9.334-3 
aad 313.0 0 . 100 ; 4.73735 ‘ 1 rf 9.4849-1 | 4.2255465 1 | 6.000-6 | 1.317-2 
‘TTor 313.0 .0 .200 —9.9458-3 6. 70910 1 2. 1. 3382 5. 9734900 1 2.000-5 | 1. 854-2 
from 313.0) .0 305 8. 3. 7788-1 3.2 1. 6474 7.3729190 1 | 3.500-5 
red) 313.0 0 . 500 1. 1 4, 4631-1 4, 2. 0975 9. 4313420 1 | 6.600-5 
313.0 .0 760 1. 1 4, 8205-1 4. 1. 1149053 2 | 1.000-4 
gzeo- 313.0 0 1.000 1. 1 4. 9670-1 5.7 1. 3308495 2 | 1. 800-4 
and 313.0 0 1. 524 1. 88405 1 4. 4559-1 6. 87. 1. 6390785 2 | 3. 100-4 
(the 313.0 .0 2. 000 2) 2.17029 1 1.87356 2 | 7.69459 4. 0267 1. 8739027 2 | 4.600-4 
R 313.0 0 3. 048 2| 2.70927 1 2.30289 2-9. 04109 $. 8367 2. 3035214 2| 7. 800-4 
e 313.0 .0 5. 000 2 3.53155 1 2. 92785 2 1, 06243 1 | 5.9039 2. 9291690 2 1. 400-3 
ene 313.0 .0 7.000 2| 4.23994 1 3.44203 2 1.16982 1 | 6.6859 3.4442178 2 2.000-3 
f ¢ 313.0 0 10. 000 1} 5.15471 1 4.07963 2 1.24648 1 | 7.5264 4. 0833598 2 | 2.790-3 
OT a 
a 313.0 .0 | 20.000 1 | —8. 7861 5 & 1 | 9.0531 5. 6628165 2 | 4.460-3 | 9. 801-2 
> the 313.0 .0 | 30.489 9, 1 | —1.3439 1 | 6.87953 1. 1 9.8441 6. 8993595 2} 5.470-3 | 1. 003-1 
the 313.0 0 50. 000 1.4 2 | —2.0398 1 | 8.66238 2 1. 1 | 1.0615 1 | 8. 7039820 2 | 6.520-3 | 1. 017-1 
313.0 0 70.000, 9. 2212 1. 2| —2.61671| 1.013343] 1. 1 | 1.1051 1 | 1.0202252 3 7.100-3 | 1. 024-1 
ence 313.0 0 90. 000 1.3025 1) 1.65210 2 | —3.1115 1) 1.139493 | 1.358251 | 1.1335 1 | 1.1495090 3 | 7.590-3 | 1.028-1 
aM 313.0 .0 | 110.000 1.7003 1 1.82787 2 | —3.5509 1 1, 25151 3 1.1540 1 1. 33] 7.800-3 | 1.031-1 
tine 313.0 .0 | 250,000 4.7697 1 | 2.745202 | —5.8443 1] 1.83614 3 1.22101 1. 33 8.696-3 | 1.038-1 
S 313.0 .0 | 350,000 7.1613 1 | 3.23154 2 | —7.0601 1 | 2.14610 3 1.2419 1 | 2,2215878 3) 8.900-3 | 1.042-1 
and 313.0 .0 | 475.000 1.0321 2 | 3.73844 2 | —8.32741 | 2.46915 3 1.2584 1 | 2.5875153 3| 9.000-3 | 1. 042-1 
and - 
Mi 
hen! e . r 
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Excitation Mechanisms of the Oxygen 5577 Emission 
in the Upper Atmosphere’ 


E. Tandberg-Hanssen and F. E. Roach 


(June 18, 1959) 


Possible excitation mechanisms for the green 5577 emission are considered in the light 


of recent data on the dynamics of the upper atmosphere. 


Photochemical reactions as 


affected by mass motions as well as excitation directly due to the mass motions are analyzed. 
It is concluded that either or both mechanisms could probably account for the observed 


emission. 


1. Introduction 


It is now well established that the bulk of the 
\5577 airglow is generated in a fairly thin laver of 
the atmosphere at a height of about 100 km (Hepp- 
ner, Stolarik, and Meredith [1];? Roach, Megill, 
Rees, and Marovich [2]; and Tousey [3]). Further- 
more, it is known that the airglow® is not emitted 
in a uniform static layer, but that the emission is 
concentrated in cells that move relative to the earth’s 
surface (Roach, Tandberg-Hanssen, and Megill 
[4, 5]. 

A general theory of the 5577 night airglow which 
includes both the microscopic (excitation) mecha- 
nism and the macroscopic (dynamical cells) features 
is required, and in this paper two different possi- 
bilities are examined. 

The principal observational facts any theory will 
have to explain are summarized: 

(1) The average night intensity of the 5577 emis- 
sion corresponds to approximately 210% transi- 
tions/em? column sec. For a night of roughly 10 hr 
duration, 2 x 108 x 3.6 x 10‘ = 7 x 10” transi- 
tions/em? column are consequently needed. 

(2) The airglow intensity varies during one night 
sometimes by as much as a factor 5, and the maxi- 
mum comes generally not in the beginning of the 
night (Roach, Tandberg-Hanssen, and Megill [4]). 

3) The emission is not uniform over the sky, but 
appears in “cells” having horizontal motions of the 
order of 100 m/see. 

The energy necessary to excite the 'S level of the 
oxygen atom (from which the atom may jump to 
t.c'D state and emit the green line) is 4.2 ev (32,000° 
). The temperature in the 100-km region is less 
tan 800° K which corresponds to 0.04 ev, so it is 
| ipossible that any significant excitation can be 

ought about by the thermal motions of the par- 


ligh Altitude Observatory, University of Colorado and National Bureau 
ndards, Boulder Laboratories. 

ivures in brackets indicate the literature references at the end of this paper. 
he following is restricted uniquely to the green emission, \5577 





ticles. A static theory must therefore draw on 
exothermic photochemical reactions which are con- 
sidered in section 2. Similarly, a dynamic theory 
must invoke environmental effects whereby energy 
is given perferentially to selected particles, as 
cliscussed in section 4. 


2. Photochemical Reactions 


Above 100 km most atmospheric oxygen is in the 
atomic form, and according to Seaton [6], the most 
important recombination mechanism will be of the 
3-body type, as proposed by Chapman [7]. This 
conclusion is adopted here and the Chapman reaction 
is considered as the most favorable photochemical 


excitation mechanism for the green oxvgen line. 
The reaction may be written 
0+0+00('S) +0,. (1) 
The reaction coefficient k for reaction (1) may 
probably be written (Bates [8]) 
k=5 X10 T? cm/sec. (2) 


There is, however, no direct measurement of k and 
the dependence 7? is purely conventional. The 
vield of oxygen atoms excited to the 'S state is given 
by 

Y('S)= pk[n(0)]? em~? see! (3) 


where p is an “efficiency factor,” giving the fraction 
of 3-body collisions (1) that lead to excitation of the 
'S state, and n(0) is the number density of atomic 
oxygen. 

Since the distribution of excited atoms and mole- 
cules over the different energy levels is not known, 
the value of p is not known. In these numerical 
calculations, the simplifying assumption is made that 
p=1/n where n is the number of different types of 
reactions (1). Taking p=0.2 may be a large 
efficiency factor, but it is at present probably the 
best. 
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Because of the 3-body collision, the airglow 
emission will be critically height dependent if the 
distribution of atomic oxygen is at all sharply peaked 
at any height. If 7, is the lifetime of the 'S level for 
collisional deactivation and 7, is the radiative life- 
time, then the number of photons emitted at any 
level by metastable oxygen atoms by (1) is propor- 
tional (Bates and Massey [9]) to 


[n(0)}re. 
TetTy 


Detailed calculations show (Nicolet [10]) that (0) 
is peaked near 100 km. According to (2) one should 
hence expect a pronounced maximum in the green 
emission near 100 km, and this is in agreement with 
observations. The number of atoms formed per 
square centimeter column per second in the 'S state 
is then given by 


(4) 





Nes)=| ¥('S) de=p| k[n(0))'dz. (5a) 
/0 0 


To take into account the actual distribution of n(0) 
with height may be quite complicated. On the other 
hand, it is known that it is sharply peaked at z= 100 
km, so most of the contribution from the integral in 
eq (5) comes from that height. The distribution can 
hence probably be well approximated with a cosine 
function or an exponential. An exponential model 
with a peak value of n(0), taken from Nicolet’s [10] 
work, is used here. Putting 


n(0) = Mmax(0je7*” 


where /7 is the scale height at 100 km, we find 
NCS)=pnas(0)P | eo “MWde 
0 


= 1/3K[nnax(0) PH=1/3Y.[CS)H;K=pk. (5b) 

Now, according to Garstang [11], the radiative 
lifetime 7, for the 'S state is 0.74 sec, and it is con- 
ceivable that collisional deactivation could take 
place before the N(‘S) atoms jumped to a lower 
state and emitted the green line. Calling the proba- 
bility of deactivation d;, the number of transitions 
1S-—'D is given by 


N(5577) — 1 3 Y,CS)H(1—d3) 
transitions/em? column sec. (6) 

The different quantities entering eq (6) are dis- 
cussed in order to see what numerical values for the 
green intensity are to be expected from the Chapman 
reaction. 
(a) Reaction coefficient, k. 

There is no evidence of the effectiveness of the 
Chapman reaction (see Bates [8]) so the best is to 
suppose that it is of the same order of magnitude as 








| 
| 
| 





for other reactions of this type. 
For T=200° K, eq (2) gives k~7X 107% 
(b) Density of atomic orygen, n (0). 
The best estimates (see Nicolet [10]) indicate that 


Nmax (0) =1.5x10! em-* between 90 and 105 km, and 
the density drops off sharply below and above this 


| region. 


(c) Seale height, H. 

The hydrostatic scale height H=kT/mg at. this 
height in the atmosphere is 7=6.5 km (U.S. Exten- 
sion to the ICAO Standard Atmosphere [12]). 

(d) Probability of deactivation, ds. 

The problem of deactivation of the 'S level has 
mainly been considered in connection with the in- 
tensity ratio of the red to the green emission under 
auroral conditions. In view of the comparatively 
short radiative lifetime of the 'S level, it has generally 
been assumed that collisional deactivation of this 
level may be neglected, i.e., d;=0 (see Seaton [13]), 

Whereas deactivation by electron collisions may 
be of importance for bright auroral displays (Seaton 
[13]), the electron concentrations required seem. to be 
too high for the process to be of importance under 
ordinary airglow conditions. The rate of recom- 
bination (0+-0--0,) is so slow that there is a negligible 
decrease in the atomic concentration during the 
night (Bates and Massey [9]). 

In view of the uncertainties in the data, a deacti- 
vation of the 'S level cannot be ruled out. However, 
it is felt here that there is no obvious process by 
which the 'S level will be collisionally depopulated. 
The factor (1—d;) is therefore probably close to 
unity, and this value will be adopted here. 

Numerical values for the quantities in (6) will now 
be put in to see what intensities are to be expected for 
the green airglow according to the 3-body collision 





























theory. Figure 1 shows the intensities 9 in ray- 
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Figure 1. Predicted intensity of [OI] 5577 from eq (5b) 
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leiviis 4 as a function of K for different values of n (0), 
boxing in the probable range of these parameters. 
It is seen that already the minimum probable values 
give a very bright airglow. Either the yield ‘of 
excited oxygen atoms, (3), has been overestimated, 
or the importance of collisional deactivation has 
been underestimated. If neither is the case, it is safe 
to state that within the accuracy of these data, the 
Chapman reaction can not only explain the observed 
airglow intensities, but it actually predicts a faint 
aurora (1100 rayleighs). However, in addition to 
explaining the intensity level, a successful theory 
also has to account for the time variations of the 
intensity. On a purely static picture, it is not 
possible to understand why the intensity maximum 
does not come in the beginning of the night. Since 
high wind speeds of the emitting cells have been 
deduced the dynamics of the airglow emission into 
the photochemical theory will now be introduced to 
explore the possibility of nocturnal time variations 
as observed. 


3. Meterological Approach 


As long as airglow is considered as a steady, static, 
more or less homogeneous emission from a layer at 
about 100 km, it is natural to try to explain it in 
terms of a pure photochemical process solely gov- 
erned by the kinetic properties of the atmosphere. 
With the introduction of a dynamical picture in 
which the airglow emission is concentrated in cells 
that move relative to the earth’s surface, one is led 
to ask whether the very dynamics of the emissions 
have anything to do with the excitation of the 
phenomenon. 

At least two avenues lead from here. First, one 
may ask whether the dynamics of the upper atmos- 
phere can modify the emissions caused by the photo- 
chemical reactions to a sufficient degree to account 
for the observed morphology of the airglow. 
may be termed the meteorological approach. Second, 
one may go a step further and inquire into the possi- 
bility of using the dynamics also for the excitation of 
the oxygen atoms. In this case, the energy of the 
environmental effects is used as in the next section. 

In light of the increased interest of recent years in 
the study of solar-weather relationships and in the 
possibility of a coupling between the troposphere and 
high atmosphere (including the lower part of the 
ionosphere), it seems appropriate to consider in some 
detail the meteorological approach to the airglow 
problem. 

Nhe existence of cells in the airglow emission is 
probable, and from a meteorological point of view, 
thy may be considered as “clouds.” The very 
cc icept of clouds is synonomous with instability, and 
|» first question is whether one would expect insta- 
hb ity in the high atmosphere similar to that in the 
tt posphere. Fleagle [14] has recently shown that 
| ‘urbances tend to grow rapidly in the mesodecline, 


the brightness, F, is measured in units of 106 quanta/cm? second steradian, 
the brightness in rayleighs (FP) is 4rB. 


This | 
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at least in polar regions. Also, it should be remem- 
bered that the outstanding feature of the troposphere 
in this connection is the lapse-rate—the decreasing 
temperature with height and the resulting small 
Richardson number (Richardson [15]) which is the 
criterion that turbulence in a gravitational field will 


increase.’ (In contrast, the high Richardson number 


in the stratosphere points to stable conditions.) The 
Richardson number is given as: 
dT . 
(5-+19) 
R,=——~ (9) 


(yr 


‘ ; ; a. 
where T' is the adiabatic lapse rate ( =—); 


Dp 


c,=specific heat at constant pressure, 
g=acceleration of gravity, 
7=temperature, 


?tqg=horizontal velocity component of the wind, and 
z is in the vertical direction. 

As an example, the Richardson number for the 
lower troposphere, assuming the following character- 
istics: 


¢,»= 1.003 j/g°K, 
T=270" &, 


oF ati 10-7 K/em 
dz 

dey _ 1.9X10-*/see, 
dz 


R ;(troposphere) =0.98. 


The only other region in the atmosphere where a 
decreasing temperature with height is found is in 
the mesodecline, at the top of which the airglow 
phenomenon is observed. Data are not so easily 
available to compute the Richardson number there, 
but the vertical change in the wind velocity is of 
the same order of magnitude as in the troposphere 
and instability would be expected.’ In other words, 
convection is likely to occur and it should reach 
roughly to the region of minimum temperature, the 
mesopause, and this is roughly where we find the 
green airglow. 

If the emission changes can be correlated with the 
convective motions, then, on this picture, the airglow 
cells are to be considered as the top part of the 
convection elements in the mesodecline. It is @ 
priori not possible to predict in any detail how the 
penetration of air masses into the atomic oxygen 
concentration peak will affect the green emission, 
and only the conjecture is made here that this is the 
reason for the time variation of the airglow inten- 
sities. 

5It is generally agreed (Godske, Bergeron, Bjerknes, and Bundgaard [16]) 


that a Richardson number somewhat less than unity points to instability. But 
the exact critical value of the Richardson number is not known. 
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Now, the mesopause is a rather shallow minimum. 
One even thinks of it as an isothermal region situ- 
ated at around 85 km. This is below the airglow 
height and this looks, at first sight, somewhat incon- 
sistent. Two points should, however, here be taken 
into consideration. First, as Nicolet [10] points out, 
the height of the mesopause is not known to the 
nearest kilometer. Nicolet gives as the best esti- 
mate 85 +10 km. Second, if the region around 90 
km is nearly isothermal, one would expect the con- 
vection elements to penetrate up through this layer, 
similarly as one observes eddies in the region just 
above the tropopause. 

The interpretation of our data as wind implies that 
we have a component of ordered motion, a sort of 
‘Jet-stream,’’ near the mesopause. On the other 
hand, this motion is certainly superposed on turbu- 





lence. The Reynold’s number is 
lt 
R= 
Vv 


where L is a characteristic length, 0 is a character- 
istic velocity, and » is the kinematic viscosity. With 
?=10' cm/sec and »v=4X10* cm?/sec, a Reynold’s 
number R,=0.25 LZ (LZ in em) is found. It is not 
obvious which characteristic length to put in, but 
if the boundary layers of the cells involved in the 
turbulence have a thickness as small as 1 km, 
R.=2.510* is found. Convection will tend to 
inhibit the turbulence, but since this is a region to 
which the convection only just penetrates, the char- 
acteristics of turbulence should probably manifest 
themselves. Evidence of this may be the rapid 
changes in luminosity often observed in the airglow 
cells. 

On this picture, the maximum airglow intensity 
during a night may now come at any time, depending 
on the penetration of the instabilities into the maxi- 
mum layer of the atomic oxygen distribution. 
Since the intensity will vary as [n(0)]* rather great 
variations may be expected, and due to the nature 
of turbulence relatively erratic time variations are 
not excluded. The green airglow is hence to be con- 
sidered as a manifestation of “the weather in the 
mesodecline.”’ 

Obviously, too little is known about the dynamics 
of the regions involved to draw any definite conclu- 
sions, but this approach may be worth further study 
as more data on this part of the atmosphere become 
available. 

Attention is called to a study of 5577 by Tohmatsu 
[17] in which the Chapman reaction is assumed and 
the localized variations in atomic oxygen concen- 
tration are invoked to account for the observed 
patchiness of the night airglow, as well as the large 
scale temporal and geographical charges. 


4. Environmental Effects 

The fact that the 5577 airglow emission occurs in 
the ionosphere will now be considered. The electron 
density is small compared to the neutral gas density, 
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but even in such a slightly ionized plasma new effec; 
are likely to occur. This is the more probable sing 
the plasma is pervaded by and moves in the earth 
magnetic field. 

The ionosphere has a general similarity to a gy 
discharge tube, and it is reasonable to inquiry 
whether the conditions that lead to discharges in thy 
laboratory are present in the ionosphere and yi 
lead to luminous discharges that can be associate 
with airglow.® It is characteristic of gas tube dis 


charges that they can be explained only on thf 


assumption that the electrons present are able {y 
absorb energy selectively from an electric fie 


between elastic collisions with heavy particles in thf 


plasma. The essential feature is hence the presenq 
of an electric field capable of accelerating electroy 
until they have enough energy to excite oxyge 
atoms. This leads to conditions in the plasm 
radically different from equilibrium and charac 
terized by an electron gas temperature greatly j 
excess of the heavy particle temperature. 


Several attempts have been made to formulate thi 
Chamberlain [18] postulated the existencf 
of an electric field and determined the energy dis} 


problem. 


tribution curves and drift velocities of the electrons 
He was able to show that auroral rays could \ 
explained on such a discharge theory. Alfvén [If 
and Wulf [20, 21] also discussed the mechanism by 
which the electric field could be set up. The problen 
includes two main facets: (a) The existence of a 
electric field capable of accelerating electrons, aw 
(b) the heating of the electron gas and the excitation 
of the oxygen atoms. 

(a) Production of an electric field. 

Since it is implied here that the dynamics of th 
100-km region are of prime importance to an under 
standing of the green emission, those attempts ti 
establish an electric field which involve extrater 
restrial streams (see Alfvén [19]) will not be co- 
sidered. This stage of the discussion is more in lit 
with Wulf [21], inasmuch as the velocity V, of thi 


airglow cells as they move across lines of force of thi 


earth’s magnetic field B will be used. In doing s0 


an electric field is induced 
Eina= Ve XB (emu) (10 
This field will tend to produce an electrostati 
separation of charges until the polarization fiell 
Ey: thus created exactly balances Ejng. Hence, 
the frame of reference of the cell, there is no ne 
electric field. Or, expressed in another way, thi 


PRO we eumene 


Bieicarerapmsieey 








polarization field gives the charged particles (irre 7 
spective of sign) a drift velocity Vz in the directioy 


of the motion V,., such that V,—V.. 


The plasmfy 


therefore moves “downstream” as an entity, ani 


6 It is a pleasure to acknowledge the many stimulating discussions «4 thie 


topie with Dr. R. N. Thomas who first drew our attention to this simila: ity 
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in the absence of collisions, the electrons do not 
sev any field and a heating of the electron gas is not 
possible. When the collisions are taken into account, 
the problem becomes quite difficult, and it is net at 
ali obvious that the electrons can draw energy from 
the field. Wulf [21] avoided this basic difficulty by 
letting the circuit be closed through the F, layer 
where the discharge took place.’ This would bé 
physically understandable, but it is known the air- 
glow emission comes where the wind speed V, is 
measured, and this rules out the original Wulf 
approach. It may be recalled that Wulf used eq 
(10) and found that with a value of 0.5 gauss for the 
varth’s magnetic field and a wind speed of 50 m/see 
a gradient of 
E=0.5X5X108=2.5X 108 emu 
or E~10~ volts/em 


would be created. As mentioned, this potential drop 
is not available for electron acceleration in this case, 
since an external path over which to discharge is 
needed. 

Another possibility remains. Roach et al. [5] 
found evidence of a rotational velocity of the order 
of 400 m/see in the airglow cells. If this can lead to 
polarization effects in the cells, stronger fields (per- 
haps 10-* to 10-*v/em) might be expected to be set 
up between adjacent cells due to the great differen- 
tial peripheral speeds. But the whole question is for 
the time being wide open, and no conclusion should 
be drawn before this problem has been thoroughly 
analyzed. The best for the moment is to assume the 
existence of the field and see what the results might 
be. 

(b) Acceleration of electrons and excitation of oxygen. 

If the same point of view as Chamberlain’s [18] is 
taken, the question may be asked how a postulated 
electric field will affect the electron energy distribu- 
tion. According to Chamberlain a gradient of order 
of magnitude between 10~° and 10~‘v/ecm is sufficient 
to account for the acceleration of electrons to an 
energy capable of exciting the oxygen atoms in 
auroral rays. Now, it should be remembered that 
this conclusion is reached on the basis of deriving the 
electron energy distribution by a simplified theory 
(Smit [22]). The complete treatment of the problem 
from the appropriate Boltzmann equation remains 
to be tackled. 

The intensity of the 
Chamberlain, given by 


~~ 


5577 emission is, according to 


2 _ 
ya n(OD)n,Si3 108 


= 
yt 
NI 
“NI 
~— 
| 


(12) 


here collisional deactivation has been neglected, 
d @ is in rayleighs. 


\t that time, it was believed that the green airglow originated at a height of 
oximately 200 km. 
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Using a thickness of the emission layer equal to a 
scale height (7=6.5 km), the values given in the 
right side of figure 2 (n,=10? to 10°) are obtained; 
and with H=100 m (to compare with Chamberlain’s 
auroral conditions) the values in the left side of 
figure 2 (for n-=10* to 10%). An energy « (=F 
where A is the mean free path) of approximately 
10~! v is necessary to explain the airglow intensities. 
The extremely sharp dependence of the emission on 
this parameter (e€) may have an important bearing on 
the intensity variations in time and space of the 
airglow pattern, since inhomogeneities in E are likely 
to occur. 
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FicureE 2. Predicted intensity of [OI] 5577 from eq (12). 
Yy 9, : Y 


The airglow is a normal feature of the “quiet”’ 
atmosphere in the 100-km region, and it would here 
seem reasonable to compare it with other quiet- 
condition phenomena of electromagnetic nature. 
The daily variations in the geomagnetic field are such 
a phenomenon. The variations can be explained in 
terms of a current system in the upper atmosphere, 
and rocket observations (Cahill [23]) show the exist- 
ence of currents at 95- to 110-km altitude. The 
question may therefore be asked whether electrons 
could be sufficiently accelerated in the electric field 
associated with this current system. On the night 
side of the earth where the airglow is observed, the 
current between equator and 40° north is approxi- 
mately 40,000 amp (Chapman and Bartels [24]). 
The width of the current sheet is hence 40110 
km ~4,000 km. The thickness / of the sheet is not 
too well known so the current density 7 is written as 
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where the area A=/X4X108em? (/ in em). Using 
Ohm’s law, 
jJ=cE (13) 


the corresponding electric field E is found provided 
the anisotropic electrical conductivity o is known. 
On magnetically disturbed days additional intense 
current systems at high latitudes can be estimated 
Matsushita [25]). Under quiet conditions (Mat- 
suchita [26]) the electric field is estimated to be 
approximately 310° emu=3X107° v/em. This 
is on the low side of what figure 2 indicates is nec- 
essary to produce the observed emission. On the 
other hand, the value 3X10~-° v/em is clearly a 
lower limit, since it is deduced using quiet geomag- 
netic conditions. The existence of magnetic dis- 
turbances means a greater electric field, and on the 
discharge theory this may be sufficient for the neces- 
sary heating of the electron gas. 

It is hardly necessary to stress that this per se is no 
theory for the airglow, but the calculations indicate 
that it may be worth looking for an explanation of 
the \5577 emission along these lines. 


5. Summary and Conclusions 


The preceding paragraphs have examined existing 
theories and hypotheses of the green oxygen emis- 
sion and presented promising alternatives. The 
sparsity of data available for some of the coefficients 
and parameters involved makes numerical calcula- 
tions difficult, but some general conclusions can be 
drawn. 

It is believed that “a modified photochemical 
theory” is capable of explaining the observed 5577 
emission. The complex dynamics of the 90- to 100- 
km region are not well known, but from what can 
reasonably be deduced, the “weather conditions” in 
the mesodecline are compatible with the observed 
variations of the 5577 emission in space and time. 

Similarly, it is possible that the emission can be 
understood on the basis of “the environmental ap- 
proach.”’ In particular, the steepness of the curves 
in figure 2 indicates that small changes in electron 
density and/or the electric field (which probably occur 
in the low # layer at night) will lead to rapid changes 
in brightness, and may explain space and time varia- 
tions of the emission. 

From the present study, one mechanism cannot 
be pointed to as the only possibility. This is per- 
haps not a very happy situation, but it may be that 
Nature is using two different mechanisms to generate 
the observed emissions. 


The research reported in this paper has in part been 
sponsored by the Geophysics Research Directorate 
of the Air Foree Cambridge Research Center, Air 
Research and Development Command, under Con- 
tract AF 19(604)—2140 to the High Altitude Observa- 
tory. ; 
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A Method for Measuring Local Electron 
Density from an ‘Artificial Satellite 
L. R. O. Storey 


(June 23, 1959) 


A method is proposed for measuring the electron density at known points in the outer 
ionosphere, by the use of vIf receiving equipment in an artificial satellite, in conjunction 


with a vif transmitter on the ground. 


which would be propagated through the ionosphere in the ‘‘whistler’’ 


The transmitter would radiate continuous waves, 


mode. The basis 


of the method is a measurement of the local wave admittance of the medium, by comparison 
of the signals received on an electric dipole and on a loop. 

A further proposal is made for an integrated vlf satellite experiment, in which several 
different types of observation would be made simultaneously. 


1. Introduction 


Until recently, most of our knowledge of the 
ionosphere had been obtained by indirect methods, 
such as vertical-incidence soundings with radio waves. 
Now, however, the ionosphere can be investigated 
directly, with equipment borne aloft in rockets or 
satellites. These two vehicles lend themselves to 
making complementary studies: a rocket, which goes 
straight up and then falls back to earth, is better for 
studies of the variations of the properties of the 
ionosphere with height at a particular time and 
place, while a satellite, which may stay in orbit for 
a long period, is better for synoptic studies of slow 
variations with time and latitude at particular 
heights. Rocket and satellite experiments are 
especially valuable as a source of information about 
the outer ionosphere, above the peak of the /2 layer, 
which is beyond the reach of conventional vertical 
soundings. 

In studying the ionosphere, the number density 
of free electrons is a quantity of major interest. 
Already there are several ways in which the influence 
of the ionospheric electrons has been observed on 
transmissions from the artificial satellites; examples 
are the Faraday rotation of the plane of polarization, 
and the difference in refraction at disparate frequen- 
cies. Such observations, however, all measure 
integrated effects of the distribution of electrons 
along the entire path from the satellite to the 
observer, rather than their density at any one point. 
But the special advantage of a satellite is that it 
piovides the opportunity for making local measure- 
ments at known points in the ionosphere, and so the 
q' estion arises of how to equip it to measure local 
tron density. This paper sets out a proposal for 


o! new method. Elsewhere, other methods have 
hb. n suggested (Hoffmann [1]).!. Since few have been 


p:' to practical test, it is too early to assess their 
roitive merits. 


‘ures in brackets indicate the literature references at the end of this paper. 
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The basis of the proposed method is the measure- 
ment of the local wave admittance of the ionospheric 
medium. To understand this concept, consider first 
a linearly-polarized plane wave in free space. The 
electric (EF) and magnetic (H) vectors, which com- 
prise the field of the wave, lie at right-angles to each 
other in the plane of the wavefront (fig. 1). At any 
fixed point, the variations of the two vectors are 
always in phase, so that their ratio #/// is a constant. 
This constant, which has the dimensions of a re- 
sistance, is called the wave impedance of free space 
(R,); its value is about 377 ohms. Its physical 
significance may be appreciated from the fact that if 
the wave were to impinge directly upon a uniform 
sheet of lossy material, that had this resistance per 
unit square area of surface, then it would be ab- 
sorbed without reflection. Thus such a sheet would 
be “matched” to free space.’ 





WAVE 
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i 
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re WAVEFRONT 
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Fiaure 1. A linearly-polarized plane wave in free space. 


2 Strictly, for the absorption to be complete the resistive sheet would have to 
be backed by a perfectly reflecting sheet, at a distance of a quarter-wavelength. 








Within a uniform dielectric medium, the ratio of 


E to H is different from its value in free space. It is 
given by 
E/H=R=Rol/u (1) 


where yu is the refractive index. In words, the wave 
impedance of the medium is inversely proportional 
to its refractive index. Henceforth, therefore, it will 
be more convenient to talk in terms of the wave 
admittance, which is the reciprocal of the impedance, 
and so is directly proportional to the refractive 
index: 
H/ T=A=pAy. (2) 
Evidently, if the wave admittance of the medium 
could be measured in some way, this measurement 
would vield the value of the local refractive index. 
In applying this result to the measurement of local 
electron density in the ionosphere, the following 
experimental arrangement is envisaged: There is to 
be a transmitter on the ground, radiating continuous 
waves of constant amplitude. The waves travel 


upward into the ionosphere, where an_ orbiting | 


satellite is equipped to receive them. The satellite 
receives the waves on two separate antennas, a loop 
for the magnetic field and a dipole for the electric 
field. Information about the strength of the two 
fields is telemetered back to ground. At the ground 
station, the ratio of the two field strengths is com- 
puted, giving the wave admittance of the ionosphere 
in the immediate neighborhood of the satellite. By 
comparing the observed wave admittance with the 
value to be expected for free space, the local refrac- 
tive index is obtained. Now the refractive index is 
related to the electron density by the expressions of 
the magneto-ionic theory. Hence, given the local 
refractive index, it is possible to work backwards 
and arrive finally at the value of the local electron 
density. These are the essential features of the 


proposed experiment, though there are many prob- | 


lems of detail. 

The first problem to consider is the choice of the 
frequency of the transmitted waves. In principle, 
the experiment would work at any frequency. But 
if measurements are to be made above the maximum 
of the F2 laver, then the choice is restricted to those 
frequencies that are capable of passing through this 
layer: either the frequency must exceed the “critical 
frequency” of the layer, which varies roughly in the 
range 5 to 15 Me, or it must be less than the gyro- 
can penetrate the layer in the ‘whistler’ (ordinary) 
mode. 
and the ‘whistler’ mode, on the following two 


counts: 


frequencies are affected much less. To _ illusirate 
this point, suppose that at some level above the F) 
layer the electron density is such as corresponds to 
a plasma frequency of 1.5 Me (see sec. 2.1.). For 
the transmitted frequencies, take 15 ke as a typical 
low value and 15 Me as a typical high value. The 
refractive indices for these two frequencies are then 
as given in table 1 below: 


Refractive indices of the ionosphere, for a plasma 
frequency of 1.5 Mc 


TABLE 1, 


Wave frequency Refractive index 


12. 5 (whistler mode). 
0.99 (ignoring magnetic field). 


In this example, the change of the refractive index 
from unity is more than a thousand times greater at 
the lower frequency. There can be no doubt, there- 
fore, that low frequencies are preferable. However, 
since the “whistler” mode requires the presence of 
a magnetic field to support its propagation, the use 
of this mode does confine the experiment to the 
domain of the earth’s magnetic field. 

Having chosen the frequency and mode of propa- 


gation of the transmitted waves, the remaining 


problems arise from the fact that, at low frequencies, 
the ionosphere does not behave at all like a simple 
dielectric, so that the whistler mode has quite a 
complicated field structure. The outstanding ques- 
tions are: (a) What is the structure of the wave 
field in the whistler mode, and how is the wave ad- 
mittance defined for this mode? (b) How should the 
satellite be equipped to explore the structure of 
the field, and measure the wave admittance? (c) 
What sort of records would be obtained at the 
ground? (d) How should the records be interpreted? 


These questions are discussed successively in sec-| 


tions 2 to 5 of this paper. Section 6 describes a 
proposal for an integrated vIf satellite experiment, 
in which several different types of observation 


would be made simultaneously, so as to obtain the” 


fullest information possible from the vlf transmis- 
sions; it includes an independent method for ob- 
taining another measure of the local electron density. 
Finally, section 7 
amines some possible sources of error. 











reviews the proposals and ex-/ 








| 2. Structure of Waves in the Whistler Mode | 


frequency (about 1.5 Mc), in which case the waves | 


It is preferable to choose low frequencies | 


First, at low frequencies only this mode is propa- | 


gated, whereas at high frequencies both the ordinary 
and extraordinary mode would be 


oropagated; | 
propag 


their mutual interference would produce a compli- | 


cated pattern of field in the ionosphere. 
Second, at low frequencies the waves are affected 
very strongly by the ionospheric electrons, so that 


the refractive index differs greatly from unity; high | ordinary reflection level. 


2.1. Introduction 


In the proposed experiment, a transmitter on the 
ground radiates continuous waves at a very low 
fixed frequency. Some of these waves reach the 
lower boundary of the ionosphere, where thiei 
energy is divided between the two magneto-ioni¢ 
modes. The ordinary mode is reflected, with some 
absorption. The extraordinary mode also is 
partly reflected and partly absorbed, but in addition 
it experiences a mode coupling effect around the 
The coupling is brought 
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about by collisions, and by the rapid variation of 
tlle electron density with height in the ionosphere at 
this low level. Its effect is to transfer some energy 
from the extraordinary mode through to ‘that 
branch of the ordinary that is propagated freely at 
large electron densities; this branch is the mode of 
propagation of “whistlers.”” Judging from measure- 
ments on the ‘whistlers” (Storey [2]), energy is 
coupled into the ionosphere over an area around 
the transmitter that is about 1,000 km in radius. 
Thus, there is a vlf field in the ionosphere above 
this whole area, due to waves that have penetrated 
the lower boundary and traveled upwards in the 
‘whistler’? mode, together perhaps with some down- 


coming waves, that would arise from partial reflec- | 


tions at any steep gradients of electron density. 
In the upper atmosphere, where the medium is 
probably fairly uniform, there is likely to be just a 
single upgoing plane wave. Moreover, owing to 
the strong refraction at the base of the ionosphere, 
the wave is likely to be traveling more or less radially 
outwards from the earth (Storey [2]). The structure 
of the field of this wave must be considered now. 
In describing the field structure, the rectangular 
coordinate system that is shown in figure 2 will be 
adopted. The coordinate axes are labeled 1, 2, and 
3, and in that order form a right-handed set: axis 3 
lies along the direction of propagation, that is to say, 
the wave normal; axis 1 is directed so that the geo- 
magnetic field vector H, lies in the 1-3 plane, and 
has a positive 1-component: axes | and 2 define the 
plane of the wavefront. The various components of 
the vectors H and E in the field of the wave will be 


indicated thus: H=(/1,, He, H;) and E= (4), Fa, FE). 


AVE 
NORMAL 


MAGNETIC 
FIELD 





4 
“ PLANE OF 
WAVEFRONT 





FiagurE 2. The coordinate system. 


"he term “structure” is used here to mean the 
' ‘ative values of the various axial components of the 
\ :ve field at a point, and how these components vary 
!; m point to point and from one instant of time to 
other. The structure, in this sense, is independent 


ihe amplitude of the wave, because the medium is | 





| 





linear. For determining the electron density, the 
absolute amplitudes of the field components need not 
be known, and the only requirement is that they be 
large enough to overwhelm external atmospheric 
noise and circuit noise in the receivers. Neverthe- 
less, the absolute amplitudes would be measured in 
the course of the experiment, and they are of interest 
for other reasons. 

The structure of a plane wave of constant fre- 
quency can be described fully by the following 
quantities: 

(a) Refractive index. If there is no absorption, 
all components of the wave vary in time and space as 
exp {jw(t—u23/c) } 
where y is the refractive index, w(=2z/) is the angular 
frequency of the wave, t¢ is the time, c is the speed of 
light in free space, and z; is the component of dis- 

tance along the wave normal. 

(b) Polarization. The polarization is specified by 
the ratios of the components of H among themselves 
(71: H;: H3), and of the components of E among 
themselves (/,: /: /3). 

(c) Wave admittance. The wave admittance is the 
ratio of one component of H to one of E. Here use 
will be made of the admittance looking in the direc- 
tion of propagation, which is defined as /7,/F). 

These quantities are functions of the frequency of 
the wave, its direction of propagation relative to 
the earth’s magnetic field, and the local properties 
of the medium. Expressions for their values are 
provided by the magneto-ionic theory; the expres- 
sions quoted here are taken, with some change of 
notation, from the work of Booker [3]. Rationalized 
units are used, with the following definitions: 


Constants: 
e, charge of electron (a negative quantity) 
m, mass of electron 
€o, electric permittivity of free space 
Mo, Magnetic permittivity of free space. 


Variables: 

f, frequency of wave 

6, angle between wave normal and earth’s magnetic 
field 

N, number density of electrons 

Fy, strength of earth’s magnetic field. 


Characteristic frequencies: 


e : 
2/9 a ee 
w= (2rf,) -(5) N 


T, is the electron plasma frequency. 


wy = 20 fa= —(“*) A, 


m 


fis the electron gyrofrequency. 
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Dimensionless parameters: 


X a (w,/w)?= (f,/f)? 
Y=ay/o= Su if 

Y,=Y cos? 

Y7=Y siné. 

With the aid of this notation, the refractive index, 
polarization, and wave admittance are discussed in 
sections 2.2, 2.3, and 2.4, respectively. The influence 
of collisions is ignored, because they are infrequent 
in the outer ionosphere. 

To illustrate the results of the theory, and to 
examine the adequacy of any approximations, nu- 
merical calculations will be made for the following 
particular set of conditions: 


Fp=1.55 Me 
Su=1.06 Me. 


f=15.5 ke 
6=160° 


The parameters of the magneto-ionic theory then 
have the values 


X=10' Y,=—64.5 


Y=68.7 Vp=23.5. 


Such conditions might apply at a height of about 1000 
km above the vif radio transmitter NSS (geomag- 
netic latitude 50° N). The wave is assumed to be 
traveling straight out from the earth in the plane of 
the magnetic meridian, so that axis 3 of the coordi- 
nate system is vertical, while the other two axes are 
horizontal; axis | points towards magnetic north, and 
axis 2 towards magnetic east. Note that in this 
instance the angle @ is greater than 90°, since the 
earth’s magnetic field is direeted downwards in the 
northern hemisphere. 


2.2. Refractive Index 


When collisions are ignored, the general expression 
for the refractive index becomes 
2X(1—X) 
2(1—X)—Y#+ yY¥}4+4Yi(1—X)? 


9 


ea | (3) 


in which the positive sign corresponds to the ordinary 
mode, and the negative to the extraordinary. At 
wave frequencies that are low compared to both the 
local plasma frequency and gyrofrequency, the re- 
fractive index for the ‘‘whistler” (ordinary) mode is 
usually given quite accurately by the quasi-longi- 
tudinal (VL) approximation: 
volte (4) 
I+ Li 


The condition for the approximation to hold is that 


\(X—1) ¥i|>>2 7%. 








This equality is well satisfied in the example chosen, 
where the error of the ¢Z approximation to the re- 
fractive index is less than 0.1 percent. 

The further approximation 


bi aa fs 


re Sfu| cos 6 


holds if V>>|¥,|>>1. In the example, this 
approximation gives w with an error of about | 
percent, 


2.3. Polarization 


Consider first the polarization in the plane of the 
wavefront. The ratios of the transverse components 
of H and E among themselves are given by the 
“polarization ratio” 


R=—H,/H, — B/E, (7) 
=—jk{1+y1+k-?} (8) 
where 
y 
<= —" _- (9 
if —_¥ ] 
and 
i¥2 tom? 
I~9 i 9) cosd (19) 


and negative signs cor- 


and where the positive 
and extraordinary modes 


respond to the ordinary 
respectively, 

Now the ‘whistler’? mode is the branch of the 
ordinary mode on which X is greater than unity, so 
that the denominator in (9) is negative; hence & is 
negative or positive according to whether @ is less or 
greater than 90°. Also, at vif the quasi-longitudinal 
condition (5) is satisfied, and this condition implies 
that |k| < 1. With these restrictions on_ the 
value of &, the polarization ratio for the whistler 
mode is approximately 


R~+j(1+|k\} (11) 








where the sign is positive or negative according as 4) 
is less or greater than 90°, that is, according as the 
direction of propagation makes an acute or obtuse 
angle with the direction of the earth’s magnetic field. 

In general, the polarization is elliptical, with the 
axes of the ellipse parallel to axes 1 and 2 of the J 
coordinate system; this conclusion follows from the 
fact that R is purely imaginary, so that 7, and H, 
are in phase quadrature. The vector sum traces | 
out an ellipse with its minor axis parallel to axis] 
1. The sum of £, and £, traces out an ellipse of the 
same shape, but in this case the minor axis is para'lel 
to axis 2. 
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‘he axial ratios of these ellipses are very close to 
unity; in the example, they differ from unity by less 
thin 0.1 percent. So the polarization is almost 
circular, as it always is under QL conditions. . 

The sense of rotation around the circle is specified 
by the sign of the imaginary value of 2, a positive sign 
meaning right-handed rotation. 
mode, the rotation is right-handed when @ is less 
than 90°, and left-handed when @ is more than 90°. 
Of course, the senses of rotation for the H and E 
vectors are the same. 

Now consider the longitudinal field components, 
the components along axis 3. The H vector has no 
such component; indeed, radio waves in a plasma 
have the general property that their magnetic field 
is always wholly transverse to the direction of prop- 
agation. Their electric field, however, in general 
does have a longitudinal component, which is 
given by 


7 .(w—1)Y 7 


'3/ E> = (12 
3, 2 y ae ) 
(rt) 
= = = > (13) 
iy," irri 
The approximation holds under QL conditions. 
Furthermore, if XY > 1 and |¥Y;| > 1, 
a aie .Yp 
13 Ey~—j , =— tang}. (14) 
J » 1 3 
To the same approximation 
he, h\~- tané. (15) 


’ 


These expressions mean that / is in phase with 
K,, and of such a magnitude and sign that the sum 
of these two components is roughly perpendicular 
to the geomagnetic field; in the numerical example, 
the angle between the sum and the perpendicular is 
about 3/4°. Now #&, also lies in the plane per- 
pendicular to the field, so that the total E vector 
traces out an ellipse in this plane, with the minor 
axis parallel to axis 2 of the coordinate system. The 
explanation of this result is that the electrons in the 
ionosphere are able to move much more rapidly in 
the direction of the geomagnetic field than at right 
angles to it, and at low frequencies they have 
sullicient time during a period of oscillation to move 
a! neutralize any component of the electric field 
in this direction. Thus the result is not true in 
geveral, but only at low frequencies. 


2.4. Wave Admittance 


he admittance looking in the direction of propa- 
g: ion is defined as 


A=H.,/E,=—H,/F). (16) 


. 


For the whistler | 





It is given by 
A=pAo (17) 
where yu is the refractive index, given by (3), and Ao 
is the admittance of free space 
1 pense ’ 
Ag= (€0/uo) ?= (377 ohms) ~!. (18) 
These expressions show that the field components 
H, and F are in phase. From this and previous 
results it follows that, in the plane of the wavefront, 
the rotating magnetic vector leads the projection of 
the electric vector by 90° when there is propagation 
along the earth’s magnetic field (@< 90°), and lags 
it by 90° when the propagation is against the field 
(0>90°). 


2.5. Summary of Approximations 


To summarize, the structure of waves in the 
whistler mode can be represented quite well by the 
following approximate expressions: 

For the refractive index, 


eles . 7 (19) 
For the polarization, 
A= +jf: (20) 
1i= tj, (21) 
{,;—= —F, tané (22) 


where the sign in (20) and (21) is positive or negative 
according as @ is less or greater than 90°. The 
assumptions now are that the H vector traces out 
an exact circle in the plane of the wavefront, and 
the E vector an ellipse in the plane exactly per- 
pendicular to the earth’s magnetic field, such that 
the projection of the ellipse onto the plane of the 
wavefront is a circle also. This state of polarization 
is illustrated in figure 3; here @ has been taken as 
acute, for the sake of clarity, whereas this angle is 
obtuse in the worked example. 

Finally, for the wave admittance, 

A=H,/E,=pAg (23) 

with uw given by (19). 

These approximations are used throughout the 
rest of this paper. 


3. Details of the Satellite 


3.1. General Description 


The satellite would be equipped with two separate 
antennas for receiving the vlf waves. One would 
be a loop, responding to the magnetic field of the 


329 














Figure 3. The polarization of waves in the whistler mode. 


wave, while the other would be a dipole, for the 
electric field. The two antennas would be mounted 
coaxially, that is to say, the plane of the loop would 
be perpendicular to the axis of the dipole. With 
this arrangement, the satellite would receive com- 
ponents of the magnetic and electric vectors resolved 
in the same direction, that of the common axis of 
its two antennas. The mechanical design and lay- 
out of the satellite are shown in figure 4. 
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Figure 4. The mechanical design of the satellite (the outer | 
cover is not. shown). 


In order to explore the structure of the wave field, 
the satellite would be set spinning, so that the diree- 
tion of the antenna axis, and hence the amplitude 
and phase of the received signals, would’ change 
continually. Information is required on the vari- 
ations of the amplitudes of the signals and of the 
sign of their correlation. These variations would 
be easiest to interpret if the spin axis of the satellite 
was at right angles to the axis of the antennas; then 
the motion of the antenna axis would be a simple 
rotation in a plane, and all variations would be 


periodic. The theory for interpreting these vari- | 


ations, as developed in sections 4 and 5, assumes 
that this relation between the spin axis and_ the 
antenna axis is established exactly. 


Details of various aspects of the design of the} 


satellite now follow. 


3.2. VLF Antennas 


The design of the loop antenna is quite straight- 
forward. At vif, the most efficient arrangement is 
an air-cored loop, connected to the receiver through 
a matching transformer. The basis for optimum 


design, subject to limitations of weight and space, | 


is provided by the work of Helliwell [4]. 

The design of the electric dipole is more difficult, 
since this antenna is in direct contact with the iono- 
spheric plasma, and its properties are affected 
thereby. The aims of design are to ensure that the 
effective height of the antenna is the same in the 
medium as in free space, and that its impedance 
does not vary excessively as the satellite spins. 


| Consideration of the probable effects of the medium 
suggest that the best arrangement is one where each} 


arm of the dipole consists of a conducting sphere 
supported by a long insulating rod; connection is 
made to the sphere by a thin wire running down the 


center of the rod. The merits of this arrangement} 
are that the sensitive parts of the antenna are well 


localized, and are removed as far as possible from 
the disturbing influence of the body of the satellite. 
Furthermore, the effective height of this antenna 


| should not be altered by the formation of a ‘positive: | 
ion sheath” around the satellite (Seddon [5]), though 


its impedance doubtless would be altered. To mini- 
mize the effects of changes of antenna impedance, 
the input impedance of the receiver should be as high 
as possible. 


3.3. Electronic Equipment 


A block diagram of the electronic equipment is 
given in figure 5. It comprises vlIf receivers, deiec-| 
tors, a telemetry system, and a generator for cali- 
bration signals. 

Two separate vif receivers are needed, one for 
each antenna. They should be designed for !ow 


noise, stability of phase shift, and wide dynainicg 


range. Their pass-bands should be fairly narrow, 
to reduce atmospheric noise, but not so narrow tat 
the phases of their outputs fail to reproduce the] 
changes in phase of the received signals that accom- 
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Figure 5. 


pany the spinning of the satellite. They should 
incorporate negative feedback to improve both the 
stability and the dynamic range. 

The amplitude of the signal that emerges from 
each receiver is measured by a detector, the output 
from which is telemetered to ground. Also, the two 
signals are compared in a phase detector, and the 
polarity of the output relayed to ground on a third 
telemetry channel. The ground station records 
these three data, which are proportional to the 
amplitudes of the received signals and the sign of 
their correlation. The factors of proportionality 
would have to be determined by calibration of the 
whole system prior to flight. Also, to confirm that 
the system is working properly during flight, it 
should be calibrated automatically from time to 
time by injecting standard signals at the inputs to 
the receivers. 


3.4. Orbital and Spin Motion 


The orbit of the satellite should be eccentric, so 
that measurements are obtained over a range of 
height; an apogee height of 1 to 2000 km and a 
perigee height of about 300 km would be suitable. 
A’ this height, the perigee would lie below the maxi- 
mum of the #2 layer from time to time, and then 
the measurement of electron density could be 
checked by comparison with ionospheric soundings, 
Tere are no special requirements for the inclination, 
es-ept that it must be large enough to allow the 
0: >it to pass over the transmitter, and that the value 
f; 4°, at which the line of apsides does not precess, 
sould be avoided. 

‘he necessary rate of spin is determined by the 
' urement that the satellite, in moving along its 
© it, should not experience much change in local 
¢ «tron density during one rotation. If the dis- 
t sution of electrons in the outer ionosphere is 
“2 ‘uned to contain no irregularities smaller in scale 


515090-—59-—_6 


The electronic equipment of the satellite. 


than 1 km, and the speed of the satellite is taken to 
be roughly 5 kmps, then the rate of spin should not 
be less than 5 rps. If the smallest irregularities 
actually are larger than assumed here, then propor- 
tionately lower rates would be acceptable. 

The absolute direction of the spin axis in space 
should be chosen so that the satellite is oriented 
favorably for making measurements at the times 
when it passes over the transmitter. At such times, 
the spin axis should be more or less horizontal, and 
should lie roughly in the plane of the orbit. It has 
to be horizontal so that the spinning motion will 
bring the antenna axis through the vertical, where 
the electric dipole is coupled strongly to the field 
component £3; for it is on this coupling that the 
measurement of the angle 6 depends (see secs. 4 and 
5). The spin axis also has to lie close to the plane 
of the orbit, to ensure that the elements of the elec- 
tric dipole do not pass behind the body of the satel- 
lite, where they might encounter a wake of disturbed 
ionization. However, it is doubtful whether such a 
wake would be formed in the outer ionosphere, where 
the mean free path of the particles is much larger 
than the dimensions of the satellite, so this require- 
ment may not be crucial. 


3.5. Mechanical Design 


Bracewell and Garriott [6] have considered the 
influence of mechanical design on the free rotation 
of a satellite. They point out that the character- 
istics of the free rotation are determined by the 
relative values of the principal moments of inertia, 
and that if one moment is much larger than the other 
two, then the satellite will tend to spin about the 
axis associated with that moment. Therefore, the 
mass of the satellite should be arranged so that its 
moment of inertia is greatest about the desired axis 
of spin. If a satellite of this type was set spinning 
initially in a direction slightly incorrect, then its 
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subsequent motion would include a wobble at twice 
the spin frequency. This wobble could be damped 
out by such means as suitably disposed tubes of 
viscous fluid, whereupon the satellite would be left 
spinning smoothly about the correct axis. 

In the present case, the main aim is to ensure 
that the spin axis is transverse to the axis of the 
vif antenna system. If this were the only aim, and 
the particular location of the spin axis in the trans- 
verse plane could be arbitrary, then it would follow 
that the satellite should be long and thin, extended 
along the axis of the vif antenna system. However, 
it is better to fix the direction of the spin axis in the 
frame of the satellite completely, so as to provide 
a stable direction for the antenna of the telemetry 
system; to this end the mass should be distributed 
as in a disk, to make the moment of inertia greatest 
about the chosen direction. 

Once the spinning motion has been established 
about the desired axis in the frame of the satellite, 
the absolute direction of this axis in space should 
remain fixed by gyroscopic action. However, if any 
force were to exert a systematic couple on the satellite 
as it moved along its orbit, then the spin axis would 
precess. Possibly the. forces due to atmospheric 
drag, or to electric currents induced in the body of 
the satellite as it spins in the earth’s magnetic field, 
could exert such couples. The couple due to atmos- 
pheric drag could be eliminated by designing the 
satellite with reflection symmetry about a plane 
perpendicular to the spin axis, while induced currents 
could be prevented by making the body of the 
satellite in several parts that were insulated from 
one another. 

A mechanical design that embodies these principles 
is illustrated in figure 4; in this drawing, the protec- 
tive outer shell of the satellite is supposed to have 
been removed. 


4. Received Signals and Their Variations 


4.1. General Behaviour 


This section deals with the signals received on the 
two vif antennas, and how they vary as the satellite 
spins. Specifically, expressions are derived for the 
amplitudes of the two signals and for the sign of 
their correlation, since this is the information that is 
relayed from the satellite to the ground. 

Now the loop antenna and the electric dipole 
antenna are set on a common axis (sec. 3), so the 
signals that they respond to are, respectively, the 
components of H and of E along this axis; call these 
components H, and E,. Take the coordinate system 
of figure 2, and let the instantaneous direction of the 
antenna axis be specified by its direction cosines 


@;, a2, and a; relative to the coordinate axes. Then 
the received signals are 

magnetic signal: H,=a,H,+-a,H, (24) 
electric signal: E,=a,E,+a.k.+a3k3. (25) 





It is convenient to express 7, in terms of H, alone, 
and E, in terms of F,, while recalling that the ficld 
components H, and £, are in phase, and that their 
ratio is the wave admittance (sec. 2.4.). In elim- 
inating the other components, the structure of the 
field will be assumed to be that given by the approxi- 
mations of section 2.5. After making the appro- 
priate substitutions, the following expressions are 
obtained for the received signals: 


magnetic signal: H,= {d.+ja,}H, (26) 
electric signal: E,={a,—a3 tand¥ jaz} EF. (27) 


The sign depends on the direction of propagation 
with respect to the geomagnetic field; the upper sign 
applies when there is a component of propagation 
along the field. 

As the satellite moves along its orbit, and spins 
about its axis, the received signals vary in amplitude 
and phase. The variations due to the orbital motion 
are slow and systematic, while those due to the 
spinning motion are relatively rapid and are, for 
the most part, periodic. In considering the varia- 
tions over a single rotation period of the satellite, 
only the effects of spin need to be considered. 

One general feature of these variations can be seen 
immediately; it is that they all must be periodic at 
twice the spin frequency, since a reversal of the 
direction of the antenna does not alter the ampli- 
tudes of the received signals, nor their relative phase 
(except possibly by 360°). 

To find the exact form of the variations, expres- 
sions must be obtained for the direction cosines of 
the antenna axis as functions of time. 


4.2. Direction of the Antenna Axis 


The geometry of the situation is represented in 
figure 6. Figure 6a is a perspective drawing that 
gives the notation for the angles that specify the 
directions of the various vectors. In figure 6b the 
same information is given in the form of a stereo- 
graphic projection onto the plane of the wavefront. 
Details of this projection can be found in any stand- 
ard work on crystallography, such as that of Tutton 
[7] or Bunn [8]. It maps the surface of a sphere into 
the interior of a circle on a plane, and has the prop- 
erty that ares of great circles on the sphere are 
represented by are of circles on the plane; those 
representing great circular arcs on the upper hemi- 
sphere are drawn as solid lines, while the projections 
of ares on the lower hemisphere are drawn as broken 
lines. Points in the upper hemisphere are repre- 
sented by solid dots, and in the lower hemisphere by 
small open circles. In the present application, ‘he 
orientations of vectors and planes in space are repre- 
sented by the projections of their intersections with 
an imaginary sphere that is concentric with ‘he 
satellite. 
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Fiaure 6. The geometry of the spinning motion. 


(a) In perspective, (b) on a stereographic projection. 


The direction of the spin axis of the satellite is 

taken as that direction about which the rotation is 
right-handed. It is assumed to be perpendicular 
to the antenna axis, as specified in section 3. The 
ngle that it makes with axis 3 of the coordinate 
system is called Y, and the angular velocity of the 
sinning motion is called Q. 
The time ¢ is measured from an instant when the 
tenna axis lies in the plane of the wavefront 
he 1-2 plane). The position of the antenna axis 
this plane is then given by the angle ¢, which is 
easured from axis 1 to that end of the antenna 
is that is going upwards, toward axis 3, at this 
irticular instant. It is reckoned positive if it is 
casured toward axis 2, and negative otherwise; 
| us, in figure 6, ¢ is positive. 





In these terms, the three direction cosines are 
given by the expressions 


a,=cos¢ cosQt—sing cos¥ sinMt (28) 
2—=sing cosM-+ cos¢ cos¥ sinMt (29) 
d3=sin¥ sin. (30) 


The angles VW, ¢, and 6 define completely the rela- 
tive directions of the spin axis, the wave normal, 
and the geomagnetic field. They vary progressively 
as the satellite moves along its orbit, but these 
variations are slow compared to the spinning 
motion itself. 


4.3. Amplitude of the Magnetic Signal 


The real and imaginary parts of the magnetic 
signal, relative to H, as the standard of phase, may 
be found by substituting the expressions for the 
direction cosines into (26). Their values, normalized 
with respect to Hp, are 


R{H,,/H,} =a2=sing cosQt+ cos¢ cos¥ sin Qt (31) 


[{ H,/H2} = +a,= + (cos¢ cosX—sing cos¥ sin) 
(32) 


Thus the square of the normalized peak amplitude of 
H, is 


| H,/H,/?=a?, +a (33) 
=1—sin’¥ sin?0% (34) 


Note that this expression does not involve either ¢ 
or 6. It is made up of a constant part, and a part 
that varies sinusoidally at twice the spin frequency. 
The normalized peak amplitude, given by the 
square root of (34), takes its maximum value of 
unity when the antenna lies in the plane of the wave- 
front (Qt=0, 7), and its minimum value of |cos¥| 
at points halfway in between (Qt=7/2, 37/2). 


4.4. Amplitude of the Electric Signal 


Similarly, the real and imaginary parts of the 
electric signal /,, normalized with respect to £, are 
R{E,/E,} =a,—a; tané 

=cos¢ cosQt— (sing cos¥ + tané sinV) 
sinQt (35) 
I{ L,/E,} = Fa.= F (sing cosQt+ cos¢ cos sin). 
(36) 
Hence the square of the normalized peak amplitude 
is 
| H,/E,|?= (a,—a3 tané)?+a*, (37) 


=1—(1—tan?6) sin?® sin?Qt—2 tané sin¥ 
sinQt(cos@ cosQt—sing cos¥ sinQt. (38) 
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This is more complicated than the corresponding 
expression for the magnetic signal, because the elec- 
tric field has a longitudinal component. However, 
it also represents the sum of a constant term, and a 
sinusoidal term of angular frequency 29. The nor- 
malized amplitude of £, also is equal to unity when 
Q=0 or z, while its value at the points halfway in 
between is 


|\E,/E,|?=cos*¥ + tané sing sin2¥+ tan? @sin’v. (39) 


In general, however, these are not its maximum and 
minimum values. The times of stationary amplitude 
are separated by one quarter of a rotation, and are 
given by 

N=} cot! {seed (sing cos ¥—cot26 sinV)}. (40) 
The question of which time corresponds to the maxi- 
mum may be decided by inspecting the geometry of 
the situation. In most situations, maximum ampli- 
tude occurs near to the time when the antenna axis 
passes through the plane perpendicular to the 
geomagnetic field, because this is the plane of the 
electric vector. 


4.5. Sign of the Correlation 


Here the term “correlation” is being used rather 
loosely, to mean the average of the instantaneous 
product of the signals H, and E,, taken over one 
complete cycle of the radiofrequency. If the two 
signals were in phase, its value would be 3 |H,| |Z,). 
In general, it is 





FE, =3(R{ A }R{E} +0 A} Ey}] (41) 
=4 || |E,| cos (ay—az) (42) 


where ay and a, are the phases of the magnetic and 
electric signals, respectively, measured in relation to 
the phase of H, or £,. From (42), it appears that 
the correlation is positive when (ay—az)<90°, nega- 
tive when (aqg— az) >90° , and zero when the two 
signals are exactly in phase quadrature. 

“The correlation could be determined by applying 
the voltages that represent 7, and FE, to the inputs 
of an electronic multiplier, and then smoothing the 
output with a time constant that is long compared 
to the period of the radiofrequency, but short com- 
pared to the period of the satellite spin. The pro- 
posed satellite would probably use some simpler 
type of phase detector, rather than a true multiplier. 
The output from such a detector would not neces- 
sarily be proportional in magnitude to the correla- 
tion, but it would have the same sign. For the 
present purpose, only the sign is of interest, so it is 
satisfactory to discuss the correlation. 

The correlation of the received signals is given as 
a function of the direction cosines by the expression 


HE, ® OR 


TH El (43) 


4 at tané 








which contains the correlation of H, and FE, as 4 
normalizing factor. From this expression it appears 
that the sign of the correlation depends jointly on 


two circumstances: first, whether @ is greater or leg 


than 90°, and second, which of four quadrants of the 


sphere contains the direction of the antenna axis, f 
These quadrants are bounded by the 1-2 plane and § 


the 1-3 plane (fig. 7a). When the antenna axis lies 


in either of these planes, passing from one quadrant 
The rules for} 


to another, the correlation is zero. 
the signs are given in figure 7b. 
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FIGURE 7. 
direction of the antenna axis. 


(a) The four quadrants of the sphere, within each of which the sign is constant : 


(b) the rules for the sign. 


These results can be explained as follows: 
departures of the relative phase of H, and E, fron 
the quadrature condition are due entirely to . 
longitudinal component £; of the electric ‘field. 
this component was absent, as indeed is the cash 
when 6=0, then the total E ‘vector would be wh alr : 
transverse and would execute the same motion 4 
the H vector, with a phase lag or lead of 90°; the 
received signals /7, and #,, would then be in phast} 
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quadrature for all directions of the antenna axis. 
When &; is finite (040), the signals are exactly in 
quadrature in just two special situations: the first is 
the situation where the antenna axis lies in the 1-2 
plane (Qt=0, mr), so that the electric dipole is not, 


coupled to £3: the second is the situation where the. 


antenna axis lies in the 1-3 plane, so that the dipole 
is not coupled to L;. Then, since £; is in phase with 
E, (see sec. 2.5), the electric signal has the same 
phase as it would if H; were absent. The times of 
passage of the antenna axis through the 1-3 plane 
are given by 





4.6. An Example of the Variations 


The example of figure 8 shows how the properties 
of the received signals are expected to vary during 
one half-revolution of the satellite, for a particular 
orientation of the spin axis. Figure 8a is a graph 
of the normalized values of the signal strengths 
|H,? and |£,|?, and of tbe correlation H,H,, as 
observed at the satellite; note that these three quan- 
tities all vary sinusoidally. Figure 8b shows how 
the corresponding records of |H,|, |Z,|, and the sign 

















Qt=tan-'{ —sec¥ tang}. (44) | of H,#, would appear at the ground station. 
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RE 8. The variations of the properties of the received 
nals, for the particular case where ¥=40°, ¢=80°, and 
160°. 

lhe variations of |H4|?, |F|?, and EaHa, (b) the corresponding records. 
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5. Analysis of the Records 


5.1. Wave Admittance, Refractive Index, and 
Electron Density 


Records such as that of figure 8b contain almost 
all the information that is needed for calculating the 
electron density of the ionosphere in the neighbour- 
hood of the satellite. The calculation, though, is 
somewhat indirect. 

The quantity that can be obtained most directly 
from the records is the local wave admittance, A. 
This, it will be recalled, is the ratio of the field com- 
ponents H, and £,. However, since the polarization 
in the plane of the wavefront is circular, both for H 
and for E (see. 2.3), the wave admittance is given 
also by the ratio of the electric signal /,, taken at 
any instant when the antenna axis passes through 
this plane. Such instants can be recognized from 
the fact that the magnetic signal is then at a maxi- 
mum. 

Given the wave admittance, the local refractive 
index » can be calculated immediately from (23). 
Thus 


=A/Ap. (45) 
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The relationship between u and the local electron 
density N is contained in (19). After rearrangement 
to express N as a function of the other variables, this 
equation reads 


Moe 


N=(")o{ Mh cos 0 
ae m 








-» by, (46) 








A convenient approximation to this expression may 
be obtained rearranging (6) similarly; it is 


N=— (47) 


eel Hy \cos 6| yu 
in which ¢ is the speed of light. Clearly, to calculate 
the electron density from a given value of yu, it is 
necessary to know also the local magnetic field 
strength H), and the angle 6 between the direction 
of propagation and the field. 

The magnetic field strength cannot be determined 
from the records. If the position of the satellite is 
known, the field strength at this point can be esti- 
mated roughly from the known distribution of field 
on the earth’s surface, by extrapolating upwards. 
It would be better, however, to measure the field 
directly by means of a magnetometer borne in the 
satellite; this possibility is discussed in section 6. 

The angle @ can be obtained from the details of the 
variations of the recorded data. The argument, 
which is rather circuitous, depends on the following 
results from the previous section: (a) The variations 
of the amplitude of the magnetic signal are governed 
by WV only (34), (b) the times of change of the sign 
of the correlation are governed by WV and ¢, but are 
independent of @ (44), (c) the variations of the 
amplitude of the electric signal depend on all three 
angles, including 6 (38). 

Evidently, by analysing these three variations in 
the given sequence, it is possible first to calculate the 
angle VY, then the angle ¢, and finally to obtain the 
angle @. These calulations are discussed in the rest 
of this section. The discussion is illustrated by 
analysing the record of figure 8b. 


5.2. The Angle Vv 


Y is the angle between the spin axis and the wave 
normal (sec. 4.2), and its range of possible values is 
0 to 180°. The value of ¥ may be obtained from the 
observed variations of the amplitude of the magnetic 
signal; in fact, from (34), it is given by the ratio of the 
extreme values of the amplitude. That is, 


lcos |=! 7a! min (48) 
|H7,| max 

Hence ¥ is determined, though with ambiguity. For 

a given value of |cos W|, there are two possible values 

of VW; their sum is 180°. 

Thus, in the example of figure 8, the ratio of the 
minimum and maximum values of |H,| is 0.766; on 
this evidence, VW is 40° or 140°. The possible loca- 
tions of the direction of the spin axis are shown on 
the stereographic projection of figure 9. 















LOCUS OF 
POSSIBLE DIRECTIONS 
OF SPIN AXIS. 





=—22 





The possible directions of the spin axis, for a given 
value of |cos¥}. 


5.3. The Angle ¢ 


¢ is measured from axis 1 to the upgoing end of the 
antenna axis, at an instant when the latter passes 
through the 1-2 plane (sec. 4.2); its possible values 
range from —180° to +180°. The value of ¢ may 
be obtained from the times of change of the sign of 
the correlation. Reeall, from section 4.5, that the 
correlation changes sign at two instants in each half- 
revolution of the satellite: the first, which can be 
identified readily since it is also the instant when 
|/7,| is a Maximum, occurs when the antenna axis 
passes through the 1-2 plane (Q¢=0): the second 
occurs when it passes through the 1-3 plane. If the 


FIGURE 9. 


observed time delay between the two instants is ff 


expressed, in terms of the period of rotation of the 
satellite, as a phase angle 2, then ¢ can be calculated 
by using (44). After rearrangement, this equation 
gives 


tan ¢=—cos V tan Qt. (49) 


Altogether, there are now four possibilities, since f 


for each value of y there are two values of @ that 
satisfy (49), and y itself has two possible values. 


The problem now is how to resolve this ambiguity 


and select the correct combination of y and ¢. 


5.4. Resolution of the Ambiguity 


If their true values are denoted by the symbokf 


V, and ¢,, the four combinations of VY and ¢ that 


would be possible in the light of the present evidence f 


are the following: 


(a) pr 

(b) vi $:—180° 
(c) 180°—y, 180°—¢, 
(d) 180°—y, —$r. 
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}zure 10 illustrates these four possibilities in the 
analysis of the record of figure 8b; figure 10a shows 
tle possible directions of the spin axis, and figure 
\ib the corresponding loci of the antenna axis: 
What allows this ambiguity to be resolved is the 
fact that the angle @ is not completely unknown at 
tiie outset of the experiment. Thus, in the example, 
6 is certainly greater than 90°, because the trans- 


mitter is located in the northern hemisphere where 
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The fourfold ambiguity in the determination of the 
direction of the spin axis. 


Vhe possible directions of the spin axis, (b) the corresponding loci of the 
direction of the antenna axis. 


URE 10. 








the lines of magnetic force point downwards, while 
the waves are traveling upwards. Granted this 
knowledge, the alternatives (b) and (d) can be 
eliminated by considering the direction in which the 
correlation changes sign at Q£=0; in the example, 
the sign changes from negative to positive at this 
instant. Now, since @ is greater than 90°, the sign is 
governed by the rule on the right-hand side of 
figure 7b. Applying this rule, it appears that at 
the instant Q¢=0 the antenna axis is entering the 
upper right-hand quadrant of the sphere, and hence 
its locus must be either (a) or (ce). 

The angle @ can be estimated more closely by 
assuming that the wave normal is directed to the 
vertical by refraction (see sec. 2.1), and by making 
use of the known value of the magnetic dip; at a 
guess, such an estimate would lie within 10° of the 
true value. If so, then the choice between the two 
remaining alternatives can be made by considering 
the variations of the amplitude of the electric signal. 
The expected variations of |/,| are calculated for the 
two possible loci, using the estimated value of 6, and 
they are compared with the observed variation. 
The two calculated variations are mutually opposite, 
so that usually one should fit the record much better 
than the other. in spite of the inaccuracy of the 
estimate of 6. Figure 11 shows the comparison for 
the given example, taking 150° as the estimate of Y. 
This estimate is in error by 10°, but nevertheless 
it is clear that (a) is the correct locus. Thus, the 
ambiguity is resolved. 

In practice, the direction of the spin axis in space 
should be fairly well known from the circumstances 
of the launching, so that the ambiguity could be 
resolved immediately, and the chainfof reasoning 
described above would be superfluous. 


5.5. The Angle @ 


9 is the inclination of the wave normal to the 
(lirection of the earth’s field, and its possible values 
lies between 0° and 180°. Now that Y and ¢ are 
known, @ may be found by adjusting its value until 
the observed and calculated variations of the ampli- 
tude of the electric signal agree most closely. 

When @ is known, the local electron density N 
can be calculated from the equations given in 
section 5.1, 

Since @ is estimated from the details of the modula- 
tion of the received signals by the spinning motion 
of the satellite, obviously the depth of this modula- 
tion is one of the main factors that control the 
accuracy of the estimate. Now the depth of the 
modulation is governed chiefly by the inclination of 
the spin axis to the wave normal, that is to say, 
by the value of ¥. The most favorable condition 
is that ¥~90°, which gives 100 percent modulation 
of the magnetic signal; in section 3.4, the absolute 
direction of the spin axis in space was chosen so as 
to fulfill this condition when the satellite passes over 
the transmitter. On the other hand, the least favor- 
able condition is that W~0°, where neither the 
magnetic nor the electric signal is modulated. If 
this latter condition were to arise, then @ could not 
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Comparison of the ‘‘observed’’ and calculated variations of the strength 


of the electric signal; in the calculations, it was assumed that @= 150°. 


be determined from the records. A theoretical esti- 
mate of @, obtained as described in section 5.4 above, 
would then have to be used in calculating the electron 
density N. Note therefore, from (37), that the 
inferred value of N is roughly proportional to |cos6], 
so that it should be insensitive to errors in @ around 
the assumed value of 160°. 


6. Integrated VLF Experiment 


In the experiment as proposed so far, the satellite 
measures the least number of quantities that suffice 


to determine the electron density. Much more 
could be learned about the ionosphere if, at the same 
time, measurements were made of certain other 
quantities; namely, (a) The aspect of the satellite, 
(b) the local magnetic field, (c) a component of the 
vif wave field (H or E) parallel to the spin axis. 
These measurements will be discussed in turn. 

(a) Aspect. The instantaneous aspect of the satel- 
lite could be measured by photoelectric devices 
which sense the direction of the sun, the moon, or 
the horizon of the earth. Such measurements would 
determine the absolute direction of the spin axis 
in space. 

This information, when combined with the record 
of the amplitude of the magnetic signal 7,, would 
determine the absolute direction of the wave-normal. 

(b) Magnetic field. Three components of the local 
magnetic field could be measured by a pair of 
magnetometers. One, a fluxgate, would measure the 
component of field along the spin axis. The other, 
an induction magnetometer, would be set up in the 
plane transverse to the spin axis; it would make use 
of the spin of the satellite to induce an alternating 
voltage that would represent the two components 
of the magnetic field in the transverse plane. A 
magnetometer of this type has been used successfully 
in the lunar probe ‘Pioneer -I”’ (Sonnett [9]). 





From the measurements of the three components, 
the total local field strength (J) can be calculated. 
These satne measurements, when combined with the 
measurement of aspect, also determine the absolute 
direction of the field. 

Having determined the absolute directions both 
of the field and of the wave-normal, the angle (6) 
between them can be obtained directly. This value 
is likely to be more accurate than that calculated by 
the method of section 5, where much use was made 
of the sign of the correlation between H, and E;; this 
measurement is apt to be sensitive to errors caused 
by small phase-shifts in the receivers, and by noise 
also. 

It will be recalled that the values of the HZ, and 6 
are needed for calculating the local electron density 
from the measured wave admittance (sec. 5.1). 

(c) Component of vlf field along the spin aris. 
Finally, following a proposal by Helliwell [10], the 
satellite could be equipped with a third vlf receiver, 
connected to an antenna that was alined with the 
spin axis. The signal received on such an antenna 
would not be affected by the spinning motion. Its 
phase (relative to a stable local standard carried in 
the satellite), and also its amplitude, would be tele- 
metered back to the ground. 

The rate of change of phase, when corrected for 
the change in path length for the telemetry trans- 
mission, yields the Doppler frequency shift of the 
vif signals as observed at the satellite. This fre- 
quency shift is given by 


Af=(V Cos 8)/d (50) 


where V is the speed of the satellite along its orbit, 
6 is the angle between the orbit and the wave-norma), 
and \ is the wavelength in the medium. Now the 
orbit is presumed known, and the local direction of 
the wave normal is measured, so the values of 
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Hence, if Af is appreciable, 
Now 


aii 6 are both data. 
ea! be calculated from its obser ved value. 


(51) 


where \» is the wavelength in free space. Given 
and , » can be calculated. Thus the Doppler 
shift would provide another measure of the local 
refractive index, and hence of the electron density; 
this measurement would check the value calculated 
from the wave admittance (sec. 5.1). 

If the vif transmissions were modulated in some 
way, the modulation would be received at the 
satellite with an appreciable delay, because the group 
velocity of the whistler mode is rather low. The 
delay could be measured most easily on this third vlf 
channel, where the received signals are not modu- 
lated in addition by the spin of the satellite. From 
the observed delay, it is possible to determine the 
integral of the plasma frequency with respect to 
height up to the level of the satellite (Helliwell [10]). 

The proposal is made that there should be an 
integrated vlf satellite experiment, incorporating 
all the features described above. The following 
information about the ionosphere would be ob- 
tained at each point on the orbit: (a) Local strength 
of earth’s magnetic field, (b) local direction of field, 
(c) local strength of vlf waves, (d) local direction of 
propagation, (e) local electron density, (f) height 
integral of plasma frequency. 

The changes in these quantities, as the satellite 
moves along its orbit, would be expected to show 
both systematic and random components. The 
systematic components would be related to the bulk 
properties of the ionosphere, while the random 
variations would give information on ionospheric 
irregularities. 


A=)o/u 


7. Discussion 


The main proposal made in this paper is for a 
satellite that would determine local electron density 
in the ionosphere, by exploring the structure of a 
vif wave field set up by a transmitter on the ground. 
The following sources of difficulty are antic ipated: 


(2) Noise. One limit to the accuracy of the ex- 
periment will be set by noise. Judging by previous 
experience at vif, there should be no difficulty in 
m: ry the receivers sufficiently quiet that the limit 

t by the external atmospheric noise picked up 

‘ie antennas, which is unavoidable. However, 

actual level of atmospheric noise within the 

sphere is hard to predict. At the ground, vif 

e is observed to come both from the lower at- 

phere, where it is produced by lightning strokes, 

also from the ionosphere, where its “mode of 
in is uncertain (Watts [11]). Within the iono- 
re, presumably, the former source of noise is less 

‘ive and the latter more so. It is hoped that 

vif satellite experiment already planned by 
iwell [10] will provide data on the noise level in 
onosphere. 





(b) Multiple waves. The theory has assumed 
that the vif field in the ionosphere is that of a single 
plane wave (sec. 2.1). Thus the experiment would 
not be expected to work near the conjugate point, 
where the downcoming direct waves would be 
mixed with upgoing waves reflected from the base 
of the ionosphere. Difficulty might be experienced 
even near the transmitter, if the downcoming wave 
returned from the opposite hemisphere was at all 
comparable in strength to the upgoing primary 
wave. This difficulty could be overcome either by 
working at a higher frequency, which would be more 
heavily absorbed, or by modulating the transmis- 
sions in such a way that the direct signal and the 
echo never overlap one another; for 15.5 ke signals 
from the station NSS, the time of travel over the 
whistler route and back would be about 1 sec (Helli- 
well and Gehrels [12]), so that a suitable form of 
modulation would be a % sec pulse repeated every 
2 sec. A potentially more serious problem is pre- 
sented by ionospheric irregularities, which would 
distort the upgoing wavefronts. If the curvature 
of the wavefronts was appreciable in terms of a 
wavelength, then the plane-wave theory would not 
apply. The significance of the measurement of 
wave admittance in these circumstances has not 
yet been investigated. 

(c) Effect of the medium on the electric dipole 
antenna. There is doubt as to how well the electric 
dipole antenna will perform when immersed in the 
anisotropic plasma of the ionosphere. The design 
of antenna that was described in section 3.2. is in- 
tended to minimize the adverse effects of the medium. 
If such effects persist nevertheless, their presence 
could be detected from the fact that they will almost 
certainly cause the variation of |F,|? with time to 
depart from the pure sinusoid predicted by the theory 
(sec. 4.4). 

(d) Disturbance of the medium by the satellite. 
There is a chance that the satellite, by virtue of its 
rapid orbital motion, may disturb the medium ser- 
iously and thus alter the distribution of magnetic 
and electric fields in its immediate neighbourhood. 
The purely hydrodynamic disturbance is likely to 
be small, and confined to the region behind the satel- 
lite (sec. 3.2). However, Kraus and Watson [13] 
have pointed out that the satellite, in its passage 
through the ionosphere, acquires an _ electrostatic 
charge, and that the field of this charge should 
produce a hydromagnetic disturbance ahead of the 
satellite. It is uncertain how serious this effect 
will be. In this connection, it is worth noting that 
instruments have been developed to measure the 
state of charge of a satellite (Krassovsky [14]), and 
doubtless one could be arranged to control some 
discharging device so as to maintain a state of 
electrical neutrality, and thus eliminate the effect. 

(e) Incorrect spinning motion. Finally, there is 
the possibility of failure to establish the desired 
spinning motion: the satellite might be launched 
either with no spin, or spinning too slowly, or again 
the spin might be fast enough but accompanied by 
a spurious wobble that would take some time to 
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suppress (see secs. 3.4 and 3.5). If the spin was 
non-existent or very slow, then the experiment 
would be spoiled completely. A wobble would not 
affect the measurement of wave admittance, since 
the spin would still bring the antenna axis through 
the plane of the wavefront (see sec. 5.1), but it would 
spoil the measurement of 6. In such a case the elec- 
tron density could still be calculated by using a 
theoretical estimate of 6 (sec. 5.4), and this procedure 
would probably not entail much error (sec. 5.5), un- 
less 6 was varying widely and at random along the 
orbit due to the effects of ionospheric irregularities; 
this last condition would be obvious from the records 
of signal amplitude. The presence of a component of 
wobble in the spin motion could be detected most 
easily if the satellite carried some device for measuring 
aspect. 

In view of these several difficulties that may beset 
the determination of local electron density by the 
wave admittance method, it is clear that this experi- 
ment should not be performed in isolation, but only 
as part of an integrated vif satellite experiment such 
as that proposed in section 6, where some of the 
measurements would provide cross-checks on others. 


The author is indebted for advice from C. G. 
Little, R. M. Gallet, and R. S. Lawrence of this 
Laboratory, from J. W. Warwick of the High 
Altitude Observatory of the University of Colorado, 
and from R. A. Helliwell of Stanford University. 
The proposal for an integrated vIf satellite experi- 
ment arose out of a discussion with Dr. Helliwell. 


{1 


[2 
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IGY observations of F-layer scatter in the Far East, . 
R. Bateman, J. W. Finney, E. K. Smith, L. H. 
Tveten, and J. M. Watts, J. Geophys. Research, 64, 
403 (Apr. 1959). 


Peculiar signal enhancements observed during transmissions 
at 36 to 50 Me between the Philippines and Okinawa appear 
to represent F-layer scatter. These signals are observed 
nightly for periods of several hours during the months of 
September and October. Pulse tests indicate F-layer heights 
for these signals. Considerable pulse broadening is observed 
and the signals generally arrive from somewhat off the great 
circle path. 


Models of the atmospheric radio refractive index, 
B. R. Bean and G. D. Thayer, Proc. IRE, 47, 740 
(May 1959). 


This paper introduces two models of atmospheric radio 
refractive index which can be used to predict refraction 
effects from the value of the refractive index at the trans- 
mitting point. Both models offer considerable improvement 
over the usual four-thirds earth model, particularly for appli- 
cations at long distances and high elevations in the atmos- 
phere. Further, both models may be adjusted to represent 
mean conditions at different times of year and in different 
geographical locations. A new method of predicting radio- 
ray refraction at very low initial elevation angles is introduced 
which utilizes both the initial value and the initial height- 
gradient of the refractive index over roughly the first 100 
meters above the earth’s surface. 


On the theory of fading properties of a fluctuating 
signal imposed on a constant signal, H. Bremmer, 
NBS Cire. 599 (May 1959). 


This paper deals with a theoretical investigation of the fading 
properties of a signal composed of a fluctuating contribution 
and another steady contribution with fixed amplitude and 
phase. It is assumed that the central-limit theorem may be 
applied to two proper quantities describing the fading signal 
as a quasi-monochromatic function of the time. The results 
are applicable to any autocorrelation function for the fluctuat- 
ing contribution. The first part of the paper (sees. 1 to 16) 
is mainly restricted to the idealized case in which any two 
components of the fluctuating part of the complete signal 
that are in quadrature with respect to their phase do have 
identical statistical properties; the fluctuating part is then 
termed a “random” signal. This idealized case is shown to 
constitute but an approximation if applied to the fluctuating 
field due to first order scattering in a turbulent atmosphere. 
Therefore, in the second part of the paper (secs. 17 to 26) 
the theory has been extended to fluctuating contributions 
(‘hen termed ‘“quasi-random” contributions) not satisfying 
the above condition of isotropy. All results then depend on 
two complex correlation functions a(r) and b(r) instead of 
0 the single function a(r) governing the simplified theory. 
li, contrast to a(r), the function b(r) does not exclusively 
depend on the energy spectrum of the fluctuating contribu- 
tin. The fading properties investigated for the composed 
sivnal are the distribution functions of both the amplitude 

| phase, as well as the average number of crossings of each 
© them (per unit time interval) through any given level. 
! complicated general formulas reduce to simple expressions 
i: he two extreme cases of (a) absence of the steady signal 

., tropospheric scatter propagation to distances far beyond 
\' transmitter’s horizon), and (b) predominance of the steady 





signal (e.g., line-of-sight propagation to distances well within the 
horizon). The first limiting case leads, when neglecting the 
influence of b(7) (then being very small), to the well-known 
Rayleigh distribution for the amplitude, to a homogeneous 
distribution for the phase, and to a fading rapidity (defined 
as the average number of crossings per unit time interval 
through the level most frequently passed) which is for the 
amplitude faster than for the phase by a factor of 3.04. The 
second limiting case amounts to normal distributions for 
both amplitude and phase, and to fading rapidities of these 
quantities which are only identical insofar as the different be- 
havior of the in-phase and in-quadrature component (with 
respect to the steady signal) does have no numerical impor- 
tance. On the other hand, measurements of the difference 
in the amplitude-fading rapidity and the phase-fading 
rapidity will reveal the effect of the asymmetry with respect 
to the two mentioned components of the scattered signal. 


Sporadic F at VHF in the USA, R. M. Davis, Jr., 
EK. K. Smith, and C. D. Ellyett, Proc. JRE 47, 762 
(May 1959). 


An analysis is made of sporadic-# propagation observed on the 
Cedar Rapids to Sterling path during the four years, 1952 to 
1955. VHF transmissions over this path at frequencies of 
27.775 Me and 49.8 Mc provided the Es data. At this latitude, 
the summer months receive the preponderance of sporadic 
E. Diurnally, sporadic-E occurrence tends to favor the 
daytime and evening hour with peaks of incidence about 100 
and 1800. No variation with sunspot number has been dis- 
cerned. As a rule, higher Es signal intensities are recorded 
at 28 Me than at 50 Me. Cumulative distributions of signal 
intensity are presented for the two frequencies. A relation- 
ship is found between the frequency dependence of Hs signal 
intensities >—70 db, relative to inverse distance, and the 
distribution of fEs values at Washington, D.C. The relation- 
ship promises to be useful in the prediction of Hs signal inten- 
sities on a worldwide basis. An inverse correspondence is 
shown between sporadic-F occurrence and geomagnetic activ- 
ity. The correspondence holds only over selected time inter- 
vals. The frequency dependence of received power under 
sporadic-F conditions is different from that during normal 
seatter. The median frequency exponent is two or more times 
as large for sporadic EF, and the exponents cover a much wider 
range of values. This is tentatively explained by considering 
the Es region to be composed of patches of intense nonuniform 
ionization, an hypothesis previously used to explain vertical- 
incidence data. 


Diurnal change of ionospheric heights deduced from 
phase velocity measurements at VLF, James R. 
Wait, Proc. IRE 47, 998 (May 1959). 


The phase shift of the carrier of GBR (Rugby) recorded in 
Massachusetts and New Zealand is interpreted in terms of a 
diurnal change of ionospheric reflecting height of about 17 
km. The results provide further confirmation of the wave- 
guide model for terrestrial propagation of radio waves at very 
low frequencies. 


On the theory of reflection from a wire grid parallel 
to an interface between homogeneous media (If), 
James R. Wait, Appl. Sci. Research, sec. B 7, 355 
(1959). 

A previous analysis is extended to include coupling between 


the TM and TE modes. This can be important when the 
incidence and polarization are both arbitrary. 


341 









Transmission loss in radio propagation II, K. A. 
Norton, 7N12 (PB151871) $3.00. 


In an earlier report with this title the concept of transmission 
loss was defined and its advantages explained. In this report 
a survey is made of the transmission losses expected for a 
wide range of conditions, i.e., for distances from 10 to 10,000 
statute miles; for radiofrequencies from 10 ke to 100,000 Me; 
for vertical or horizontal polarization; for ground waves, 
ionospheric waves, and tropospheric waves; over sea water or 
over land which may be either rough or smooth; and for vari- 
ous geographical and climatological regions. 

Parts of this Technical Note have been published in the 

following references: 

(1) K. A. Norton, Low and medium frequency radio propaga- 
tion, Proc. Intern. Congr. Propagation of Radio Waves 
at Liége, Belgium, Oct. 1958 (to be published by the 
Academic Press). 

(2) K. A. Norton, System loss in radio wave propagation, J. 
Research NBS 63D, 53 (July 1959). 

(3) K. A. Norton, System loss in radio wave propagation, 
Letter to the Editor, Proc. IRE 47, 1661 (Sept. 1959). 

This Technical Note contains, in addition, a discussion of 
transmission losses expected in propagation via the regular 
ionospheric layers and via ionospheric scatter at frequencies 
in the range from 1 Me to 100 Me. Also, one of the ap- 
pendices is devoted to a physical theory of ionospheric scatter 
propagation. 


Technical considerations leading to an optimum al- 
location of radiofrequencies in the band 25 to 60 Mc, 
K. A. Norton, T7N13 (PB151372) $2.50. 


The use of the concept of transmission loss is first explained 
as it relates to the problem of determining the mutual inter- 
ference to be expected between services occupying the same 
or adjacent portions of the frequency spectrum. It is then 
shown that services operating on the same radiofrequencies in 
this particular band are subject at times to severe mutual in- 
terference due to (a) transmission by way of the regular F2 
layer of the ionosphere, or (b) transmission by way of sporadic 
E ionization of the ionosphere. 

It is shown that F2 layer interference is the most severe in 
terms of its intensity. However, this kind of interference 
decreases systematically in its duration of occurrence as the 
radiofrequency is increased, and also varies to a substantial 
degree geographically, diurnally, seasonally, and with sunspot 
cycle. 

Sporadic H# interference may also be quite intense, but the 
probability of its occurrence (or the percentage of time that 
it exists) decreases rapidly with increasing intensity of the 
interfering signals and with increasing frequency. The geo- 
graphical, diurnal, seasonal, and sunspot cycle variations of 
this mode of propagation are not as well understood or as 
predictable as F2 interference. 

Other modes of propagation of potential interference are 
ionospheric and tropospheric forward scatter, but the inter- 
ference arising from these modes is usually much less intense 
and can often be avoided by careful planning of the use of 
this portion of the spectrum in terms of station separations 
and the use of directive antennas. 

It is shown in an appendix that the power required to provide 
a given service may either increase or decrease with increasing 
frequency, depending largely on the kind of antennas used. 
Thus, mobile services which normally use nondirectional 
antennas at both ends of the circuit| require more power 
for a given range the higher the frequency. On the other 
hand, point-to-point services may use large directional 
arrays at both ends of the circuit and, for a given size, these 
arrays have an increased gain the higher the radiofrequency; 
thus the point-to-point services may often operate more 
efficiently at the highest frequencies free from the effects of 
atmospheric absorption, i.e., above 2000 Me and _ below, 
say, 20,000 Me. 

Based on the above conclusions, the following allocation 
procedures are recommended by. the author: 


a. Since the new High Power Fixed Service (RPIS) provides 
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a kind of communication facility which cannot readily be 
duplicated elsewhere in the entire radio spectrum, it should 
be favored relative to other services occupying this particular 
portion of the spectrum. 

b. Because of the ease of jamming by means of F2 propaga- 
tion, all services likely to be jammed should use frequencies 
sufficiently high so that F2 propagation will not occur during 
most, if not all, of the time. 

c. High Power Fixed Services likely to be jammed should 
be allocated frequencies sufficiently high so that F2 propa- 
gation is not feasible even at sunspot maximum and geo- 
graphically separated (by, say, 1,500 miles or more) from 
other users of these same frequencies so that other modes of 
propagation do not cause interference. 

d. High Power Fixed Services unlikely to be jammed may be 
allocated cleared channels anywhere within the 25- to 60-Me 
range. Such cleared channels would necessarily have to be 
negotiated and cleared internationally. 

e. Since the Land Mobile Services are evidently able to 
operate as at present under conditions of fairly severe spo- 
radic interference such as that caused by tropospheric and 
sporadic EH propagation, it seems likely that many more 
such stations can be allocated to individual channels in this 
band before the loss in service suffered by those stations 
already on the channels becomes greater than the additional 
service provided by the newly allocated stations. Only 
when such a balance is struck can it truly be said that effi- 
cient use is being made of this portion of the spectrum. 

f. By the use of higher transmitter-carrier-frequency and 
receiver-oscillator-frequency stabilities, narrower range modu- 
lation schemes, and improved receivers, more channels 
may be made available per megacycle of this valuable spec- 
trum space.’ 

g. Sufficiently high power should be used by all services so 
that noise does not limit the communications at any time in 
the case of point-to-point services or at any location witbin 
normal operational range in the case of mobile or broadcast 
services. 

h. Many land mobile services can operate satisfactorily in 
higher frequency portions of the spectrum and, especially if 
reliable, continuous service is essential, should seek channels 
in these higher frequency bands. 

Guiding of electromagnetic waves by uniformly 
rough surfaces (Parts I and II), James R. Wait. 
Paper published in Proceedings of URSI Interna- 
tional Symposium on Electromagnetic Theory, Uni- 
versity of Toronto, June 15-20, 1959. (Proceedings 
are available from the Institute of Radio Engineers, 
1 East 79th St., New York 21, N.Y. Rates: $16.00 a 
copy for non-I.R.E. members, $12.00 for IRE. 
members and libraries.) 


Part I. A simple derivation is given for the reflection of 
electromagnetic waves from a_ perfectly conducting plane 
surface which has a uniform distribution of hemispherical 
bosses whose electrical constants are arbitrary. The spacing 
between the centers of the bosses is taken to be small which 
is the justification for neglecting the incoherent radiation. 
An approximate boundary condition is developed which must 
be satisfied in an average sense by the tangential fields on the 
reference plane. 

The excitation of surface waves on the rough surface is then 
discussed. It is indicated that to a first order, a rough 
surface of the kind described here possesses an inductive 
surface reactance and will support a trapped wave. The 
effect of finite conductivity of the bosses is to exponentially 
damp this trapped wave. 

Part II. Using the model of a single rough surface described 
in Part I, the influence of curvature is considered. The 
starting point is a residue-series solution for a vertical dipole 
over a sphere with an arbitrary surface impedance. It is 
shown that the curvature has a profound influence on tlhe 
nature of the surface wave, although it uniformly approaches 
the conditions for a plane boundary as the radius of curvature 
approaches infinity. 
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‘Lhe propagation between the space bounded by two parallel 
uniformly rough surfaces is also considered. This is treated 
first for plane boundaries and then for concentric spherical 
houndaries. The latter model is useful in explaining certain 
experimental data on the terrestrial propagation of* VLF 
radio waves. 

Other surface-wave papers in the symposium are authored hy 
Il. Bremmer, J. Brown, A. L. Cullen, L. B. Felsen, B. Fried- 
man, K. Furutsu, G. Goubau, A. Hessel, A. E, Karbowiak, 
Hi. M. Barlow, A. A. Oliner, G. Piefke, 8. A. Schelkunoff, and 


I. J. Zucker. 
Other NBS Publications* 


Journal of Research, Section 63B, No. 2, Octo- 
ber-December 1959. 75 cents. 


Applications of a theorem on partitioned matrices. E. V. 
Haynsworth. 

Capacity requirement of a mail sorting device: II. A. J. 
Goldman. 

Analytic comparison of suggested configurations for auto- 
matic mail sorting equipment. B. K. Bender and A. J. 
Goldman. 

New method of solution for 
John P. Vinti. 

Effect of sudden water release on the reservoir free outflow 
hydrograph. Vujica M. Yevdjevich. 

Uniform asymptotic expansions for Weber parabolic cylinder 
functions of large orders. F. W. J. Olver. 

Journal of Research, Section 63C, No. 2, Octo- 

’ ’ 9 
ber-December 1959. 75 cents. 

Conical coaxial capacitors and their 
Selby. 

A photoelectric 
application to remote observations of the 
precision balances. H. A. Bowman and L. B. 

A stroboscopic vibration analyzer. S. Edelman, R. 
8. Saito, E. Jones, and KE. R. Smith. 

valuation of lens distortion by the inverse nodal slide. 
Francis E. Washer and Walter R. Darling. 

Evaluation of lens distortion by the modified goniometric 
method. Francis EK. Washer and Walter R. Darling. 

Proposed criteria for defining load failure of beams, floors, 
and roof constructions during fire tests. J. V. Ryan and 
A. F. Robertson. 

Conductive flooring for hospital operating rooms. Thomas H. 
Boone, Francis L. Hermach, Edgar H. MacArthur, and 
Rita C. MeAuliff. 

Measurement of the aging of rubber vulecanizates. J. 
Mandel, F. L. Roth, M. N. Steel, and R. D. Stiehler. 
Thermodynamic properties of helium at low tempera- 
tures and high be pressures, D. B. Mann and 

R. B. Stewart, TN8 (PB151367) $1.25. 

lransmission loss in radio propagation—II, K. A. 
Norton, TN1i2 (PB151371) $3.00. (See abstracts 
above.) 

Technical considerations leading to an optimum allo- 
cation of radiofrequencies in the band 25 to 60 Me, 
K. A. Norton, $2.50. (See abstracts whore.) 

he role of government ag ig laboratories, A. V. 
\stin, Elec. Engr. 78, No. 7, 738 (1959). 

lhe ampere, F. B. Silsbee, Bree. IRE 47, No. 5, 648 
1959). 

The basis of our measuring system, A. G. McNish, 

Proc. IRE 47, No. 5, 6 36 (1959). 
ilectors for a microwave Fabry-Perot interferom- 
ter, W. Culshaw, IRE Trans. on Microwave 
Nheory and Techniques MTT-—7, No. 2, 221 (1959). 
research frontier, I. C. Schoonover, Saturday 
\ev., p. 58 (May 2, 1959). 

nature, cause, and effect of the porosity in elec- 
‘odeposits, III. Microscopie detection of poros- 


unretarded satellite orbits. 


advantages. M. C. 


followup and recording system, and _ its 
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ity, F. Ogburn and D. W. Ernst, Plating 46, 831 
(1959). 
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Mandel, TAPPI 42, No. 6, 480 (1959). 

Convexity of the filed of a linear transformation, 
A. J. Goldman and M. Marcus, Can. Math. 
Bull. 2, No. 1, 15 (1959). 

Factors affecting the accuracy of distortion measure- 
ments made on the nodal slide optical bench, 
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Am. 49, No. 6, 517 (1959). 

Mechaniam of contraction in the muscle fiber-ATP 
system, L. Mandelkern, A. S. Posner, A. F. Diorio, 
and K. Laki, Proc. Natl. Acad. Sci. 45, No. 6, 
814 (1959). 

Microwave spectrum of methyl germane, V. W. 
Laurie, J. Chem. Phys. 30, No. 5, 1210 (1959). 
IGY instruction manual. Part 1: World days and 
communications, A. H. Shapley, Annals of IGY 
7, Pt. 1, 1 (Pergamon Press, New York, N.Y., 
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Measurement of ozone in terms of its optical absorp- 
tion, R. Stair, Advances in Chem. Series of the 
Am. Chem. Soc., No. 21, 269 (1959). 

On the perturbation of the vibrational equilibrium 
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reactions, K. E. Shuler, 7th Symp. (Intern.) on 
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3, 1958. Combustion Inst., p. 87 (Butterworths 
Sei. Pub., London, England, 1958). 
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IRE 47, 1155 (1959). 

Rack for standard resistors, P. H. Lowrie, Jr., 
Sci. Instr. 30, No. 4, 291 (1959). 

Lower bounds for eigenvalues with application to the 
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Phys. 30, No. 5, 1304 (1959). 

The evaluation of small color differences: Part I. 
Visual observations, J. C. Richmond and W. N. 
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